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Annual Report: “Adjuvant action of hepatocyte growth factor in vitamin D therapy of
androgen-unresponsive prostate cancer,” Bernard A. Roos, M.D., PI
(DAMD17-98-1-8525)

INTRODUCTION

No effective therapy exists for prostate cancer that has advanced after palliation with androgen
deprivation. Such advanced cancer no longer is responsive to withdrawal of testosterone, the normal
primary growth regulator in the prostate. Vitamin D slows the growth of normal prostate epithelium
and has some growth-inhibitory action in prostate cancer that has advanced to a testosterone-
unresponsive state. However, the vitamin D doses required to slow cancer cause to toxic side effects,
notably high blood calcium. The purpose of this research is to discover new therapies applicable for
advanced prostate cancer and to develop in preclinical models a treatment for androgen-independent
prostate cancer that incorporates and bolsters the antitumor actions of vitamin D. The scope of our
research encompasses the separate and combined growth-regulatory effects of certain growth factors
and hormones with vitamin D. While the research centers on paradoxical growth-inhibitory actions
of hepatocyte growth factor (HGF) through MET (product of the c-met oncogene), its receptor, in
human advanced prostate cancer cell lines, we are also seeking related growth factors and hormonal
agents that may also paradoxically inhibit prostate cancer cells and bolster the antitumor activity of
vitamin D.

BODY
Two specific aims were originally proposed:

Aim 1. Characterize androgen modulation of HGF’s actions and interactions with
vitamin D in regard to growth inhibition and cell-cycle regulation in ALVA-31 clones
with inducible androgen-receptor activity and identify which, if any, androgenic
modulating influences are mediated by HGF/MET-dependent signaling events.

Aim 2. Demonstrate in vivo that HGF and a novel HGF agonist (monoclonal antibody
directed against MET’s extracellular domain), alone or in combination with vitamin D,
inhibit xenografted tumors derived from native ALVA-31 cells and ascertain whether
androgenic influences on HGF and vitamin D actions seem in vitro can be demonstrated
in xenografts of ALVA-31 clones with inducible androgen-receptor activity.

We have discovered that a growth factor (hepatocyte growth factor, HGF), which influences
development and maintenance of all tissues and usually stimulates cell growth, paradoxically inhibits
cultured prostate cancer cells that lost control by testosterone (Ref. 1; appended). In testing androgen-
insensitive human prostate cancer cell lines, all but one of these lines showed inhibition by HGF. (Ref.
1; appended). Moreover, in the ALVA-31 cell line, when we combined HGF with vitamin D, which
by itself had only a weak anti-tumor effect, cell growth was almost totally inhibited (see Fig. 5 in Ref
1; appended). We are engaged in a series of tissue culture and molecular biology experiments to
understand why most androgen-independent prostate cancer cells can be inhibited by HGF. The
experiments to date suggest that this activity involved inhibition of later cell-cycle events (see Fig. 6
in Ref. 1; appended).




To elucidate the mechanism of HGF inhibition of androgen-insensitive prostate cancer cells,
we have pursued more detailed studies in the ALVA-31 cell line. The cell-cycle control mechanisms
involved differ from the usual G1/S slowing involved in growth control by hormones and growth
factors. Instead of the expected G1 accumulation, marked growth inhibition of androgen-unresponsive
cells is associated with a higher fraction of cells in later cell-cycle phases (Fig. 6 in Ref. 1; appended),
suggesting that cell-cycle slowing by an HGF-vitamin D combination involves some preferential
inhibition of progression through later phases. In support of this idea, we find that combined treatment
markedly reduces cyclin B, which regulates entry into cell division via activation of maturation
promoting factor (MPF, or p34°*%),

HGF’s switch from stimulus in normal prostate to inhibitor in androgen-unresponsive cells
suggests that androgen-receptor (AR) and androgen action can influence HGF action. We have
documented expression and activation of the HGF receptor (MET) in androgen-responsive and -
unresponsive prostate cells (Fig. 2 in Ref. 1; appended). We believe that the cell line differences in
HGF responsiveness reflect both altered MET expression and altered regulation of intracellular targets
of MET activation and/or alteration of MET’s signal transduction cascade.

We initially sought to produce suitable (AR-inducible) ALVA-31 sublines that would provide
a model system to elucidate why HGF in combination with vitamin D markedly inhibited androgen-
unresponsive cells and to begin to establish the theoretical and practical framework for enhancing
vitamin D biotherapy of advanced prostate cancer with HGF and HGF agonists. However, we
experienced several problems regarding generation of ALVA-31 clones that stably express the human
AR. Forselection of ALVA-31 stable transformants after successfully introducing the AR into the cells
we used limiting dilutions (1:10, 1:15, 1:20) to clone the cells. Androgen-receptor binding assays
(using radio tracer-labeled, nonmetabolizeable R1881 androgen) of whole cells was performed to
determine the clone(s) with the highest binding capacity. These newly produced AR-containing
sublines provide a good opportunity to identify which, if any, androgen-modulating influences are
mediated by HGF-MET-dependent signaling events.

In seeking agents that might mimic the actions of HGF, we discovered that 2-methoxyestradiol,
a normal estrogen metabolite, exerts late cell-cycle inhibitory actions similar to HGF in all human
prostate cancer cell lines. Because this metabolite is naturally occurring, readily synthesized, and
reported to lack the angiogenic and other pleomorphic effects that characterize HGF activity in normal
tissues, 2-methoxyestradiol could well provide a cancer-cell-specific adjuvant to bolster vitamin D
therapy of prostate cancer. Accordingly, we have incorporated the studies of 2-methoxyestradiol into
our studies of HGF and its interactions with vitamin D. We have found growth inhibition (Fig. 1 in
Ref. 2; appended) and inhibitory effects on later cell-cycle events (Fig. 2 in Ref. 2; appended).
Specifically, through cell-cycle distribution analysis (via flow cytometry) we determined that 2-
methoxyestradiol caused a marked shift from G1 to G2/M, confirming a cell-cycle arrest. This cell-
cycle distribution was reversible after one but not after 2 days treatment with 2-methoxyestradiol.
Both biochemical and morphological assays support arole for apoptosis in 2-methoxyestradiol’s dose-
dependent growth inhibition of prostate cancer cells (Figs. 3-5 in Ref. 2; appended).

To assess the ability of 2-methoxyestradiol to inhibit prostate cancer cell growth in vivo, we
used the Gy/T-15 transgenic mouse model of androgen-independent prostate cancer that we previously
developed (Perez-Stable, et al., 1996, Perez-Stable, et al., 1997). These mice contain the human fetal
Gy globin promoter linked to the SV40 T antigen oncogene and result in the development of an
aggressive highly metastatic form of prostate cancer originating from normal prostate epithelial cells.
Because of the reversibility of 2-methoxyestradiol’s effects, slow-release tablets were used. Overall,
we found that primary prostate tumors from 2-methoxyestradiol (75 mg/kg body weight)-treated mice
were significantly smaller (38% reduction of wet weight) compared to placebo-treated mice (Fig. 6
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in Ref. 2; appended). However, the total wet weight of lymph node metastases was not significantly
different between 2-methoxyestradiol-treated and placebo-treated mice. Despite this result,
histological analysis of small size-matched lymph node metastatic lesions consistently showed greater
focal areas of necrosis in 2-methoxyestradiol-treated compared to placebo-treated mice (Fig. 7 in Ref.
2; appended).

Mice without palpable prostate tumors that received the 60-day slow-release 2-
methoxyestradiol or placebo tablets developed prostate tumors with the same frequency (3 of 4),
suggesting a lack of chemoprevention by 2-methoxyestradiol. During the time of 2-methoxyestradiol
treatment (21 to 60 days), no toxic side effects were noted — i.e., there were no significant differences
in body weight, behavior, or histology of multiple tissues including bone marrow and duodenum.
These results demonstrating the powerful antitumor activity of 2-methoxyestradiol and lack of toxic
side effects on quiescent normal cells would support further studies investigating the molecular
mechanisms of 2-methoxyestradiol’s anti-prostate tumor activity and possible clinical use.

KEY RESEARCH ACCOMPLISHMENTS

« Discovery of HGF’s paradoxical growth inhibition as a common, but not universal, feature
of human androgen-insensitive prostate cancer lines.

+ Discovery of synergism (in vitro) between vitamin D and HGF growth inhibition in human
androgen-insensitive prostate cancer cell lines.

« Discovery that the synergistic growth inhibitory actions are directed at late cell-cycle events. .

« Discovery that 2-methoxyestradiol, a normal estrogen metabolite, exerts late cell-cycle
inhibitory actions similar to HGF in human prostate cancer cell lines.

+ Discovery that 2-methoxyestradiol induces apoptosis in prostate cancer cell lines.

» Discovery that 2-methoxyestradiol inhibits prostate tumor progression in the Gy/T-15
transgenic mouse model of androgen-independent prostate cancer without toxic side
effects.

REPORTABLE OUTCOMES
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CONCLUSIONS

Our original idea that loss of androgen receptor activity signals a new scheme of cell-cycle
regulation continues to gain support. The development of AR-ALVA cells helps to support that
concept. Most exciting to the larger issue of prostate cancer therapy is our discovery of a natural
estrogen metabolite that selectively inhibits late cell-cycle events. We incorporated this finding into
our experimental strategy to develop adjuvant therapy that will bolster the antitumor activity of vitamin
D. With our findings on the anti-tumor activity of 2-methoxyestradiol in a transgenic mouse model
of prostate cancer, qur original concern that clinical application of HGF’s late cell-cycle inhibitory
actions might prove difficult to apply clinically has become less critical. The discovery of a novel
agent that affects tumor cells but not normal cells provides us with a good opportunity to develop a
clinical application from our basic studies of later cell-cycle events. These results demonstrating the
powerful antitumor activity of 2-methoxyestradiol and lack of toxic side effects on quiescent normal
cells would support further studies investigating clinical use in humans.
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Hepatocyte Growth Factor and Vitamin D Cooperatively
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ABSTRACT )

Expression of MET, the receptor for hepatocyte growth factor
(HGF), has been associated with androgen-insensitive prostate can-
cer. In this study we evaluated MET activation by HGF and HGF
action in prostate cancer cell lines. HGF causes phosphorylation (ac-
tivation) of the MET receptor in three androgen-unresponsive cell
lines (DU 145, PC-3, and ALVA-31) together with morphological
change. Although HGF is known to stimulate the growth of normal
epithelial cells, including those from prostate, we found that HGF
inhibited ALVA-31 and DU 145 (hormone-refractory) cell lines. More-
over, HGF and vitamin D additively inhibited growth in each andro-
gen-unresponsive cell line, with the greatest growth inhibition in

ALVA-31 cells. Further studies in ALVA-31 cells revealed distinct
cooperative actions of HGF and vitamin D. In contrast to the accu-
mulation of cells in G, seen during vitamin D inhibition of androgen-
responsive cells (LNCaP), growth inhibition of the androgen-unre-
sponsive ALVA-31 cell line with the HGF and vitamin D combination
decreased, rather than increased, the fraction of cells in G, with a
corresponding increase in the later cell cycle phases. This cell cycle
redistribution suggests that in androgen-unresponsive prostate can-
cer cells, HGF and vitamin D act together to slow cell cycle progression
via control at sites beyond the G,/S checkpoint, the major regulatory
locus of growth control in androgen-sensitive prostate cells. (Endo-
crinology 141: 2567-2573, 2000)

PROSPECTS for prostate cancer biotherapy were bright-
_ ened by the observations that prostate cancer cells ex-
press vitamin D receptors and that 1,25-dihydroxycholecal-
ciferol [1,25-(OH),D] and its active analogs (for simplicity,
hereafter referred to as vitamin D) dramatically inhibit
growth and promote differentiation of normal and neoplastic
androgen-sensitive prostate epithelial cells (1-3). Unfortu-
nately, only modest growth inhibition by vitamin D and its
analogs has been achieved in androgen-refractory aggressive
prostate cancer cell lines in vitro (4, 5) and in vivo, as assessed
in xenograft models (6). The mechanism for this diminished
inhibition remains obscure. Neither vitamin D receptor
abundance nor transcriptional activity completely explains
the different responses (7).

Hepatocyte growth factor (HGF; also known as scatter
factor) is a mesenchymal protein with mitogenic, motogenic,
and morphogenic effects on nonneoplastic as well as neo-
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plastic epithelial cell types (8, 9). HGF’s pleiotropic effects are
mediated via its receptor (MET), the transmembrane tyrosine
kinase encoded by the MET protooncogene (10). Unlike vi-
tamin D, which usually slows growth, HGF stimulates the
proliferation of most normal and neoplastic cells (9). How-
ever, in vitro studies have shown that some carcinomas, such
as hepatoma, melanoma, and breast carcinoma, are para-
doxically inhibited by HGF (11-13). In normal prostate, HGF
is produced by stromal cells nearest to the basal epithelial
cells, which have more HGF receptor and less androgen re-
ceptor compared with luminal prostate epithelium (14-16).
During prostate growth the basal cells respond to a series of
induced stromal growth factors, including HGF, which regen-
erate differentiated luminal secretory epithelium with high sen-
sitivity to and dependence on androgen (14, 17-19). MET is
increased early in epithelial neoplasia, including prostatic in-
traepithelial neoplasia (15, 20), and remains highly expressed in
virulent carcinomas and derived cell lines (15, 20, 21).

The prominence of MET expression in prostate carcinoma in
concert with our previous finding of HGF and vitamin D syn-
ergistic action in increasing alkaline phosphatase activity in
cartilage (22) prompted our investigation of HGF's action in
prostate cancer and HGF’s possible interactions with vitamin D.
We surveyed HGF's effects on cell morphology and growth of
the androgen-sensitive LNCaP cells and on three androgen-
refractory cell lines (DU 145, PC-3, and ALVA-31). Based on that
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survey, we pursued more detailed characterization of the sep-
arate and combined effects of HGF and vitamin D in ALVA-31,
the cell line our initial survey found to be most inhibited by the
growth factor-vitamin D combination. We observed that a sig-
nificant inhibition was obtained by combining low doses of the
agents, amounts that by themselves had no growth effect. Sim-
ilarly, the HGF-vitamin D combination, but neither agent alone,
decreased the fraction of cells in G, and increased the fraction
in later cell cycle phases. These results support slowing of cell

cycle events by cooperative actions of vitamin D and HGF atloci

beyond the G, /S contact point.

Materials and Methods
Reagents

1,25-(OH),D was purchased from Calbiochem (La Jolla, CA). Recom-
binant heterodimeric human HGF was generated and purified as pre-
viously reported (23). Ribonuclease A (RNase A) from bovine pancreas
was purchased from Roche Molecular Biochemicals (Indianapolis, IN)
and propidium iodide was obtained from Sigma (St. Louis, MO). Biotin-
conjugated antiphosphotyrosine antibody was obtained from Upstate
Biotechnology, Inc. (Lake Placid, NY), horseradish peroxidase-strepta-
vidin was purchased from Zymed Laboratories, Inc. (San Francisco, CA),
and tetramethylbenzidine peroxidase solution was obtained .from
Kirkegaard & Perry Laboratories (Gaithersburg, MD). Maxisorp 96-well
plates were purchased from VWR Scientific (Atlanta, GA).

Cell culture

Human prostate carcinoma cell lines (24) (DU 145; ATCC HTBS81),
LNCaP (25) (ATCC CRL 1740), and PC-3 (26) (ATCC CRL 1435) were
obtained from the American Type Culture Collection (Manassas, VA).
ALV A-31 cells were obtained as previously described (27). All cells were
cultured in RPMI 1640 medium (Life Technologies, Inc., Grand Island,
NY) supplemented with 7.5% FBS (HyClone Laboratories, Inc., Logan,
UT), 100 TU/ml penicillin, and 100 pg/ml streptomycin at 37 C in a
humidified atmosphere of 5% CO, in air.

Androgen receptor expression

Because it had previously been reported that ALVA-31 cells express
the androgen receptor (27), we assessed the expression of this receptor
using the RNase protection technique (28). Human androgen receptor
messenger RNA (mRNA) levels were measured with a >*P-labeled
T7 polymerase-synthesized antisense RNA probe from Stul-digested
HindIIl-EcoR1/Bluescript-KS. Human glyceraldehyde-3-phosphate de-
hydrogenase mRNA was measured with a **P-labeled T7 polymerase-
synthesized antisense RNA probe from Styl-digested pTRIPLEscript-
glyceraldehyde-3-phosphate dehydrogenase (Ambion, Inc., Austin, TX).
Forty micrograms of total RNA were hybridized at 37 C for 16 h and
digested with RNase mixture (Ambion, Inc.) for 30 min at 37 C. RNase
digestion products were separated by electrophoresis on polyacrylam-
ide-urea gels and analyzed by autoradiography. Androgen receptor
mRNA was present in LNCaP (positive control), absent in DU 145
(negative control), and absent in PC-3 and ALVA-31 cells.

Isolation of human MET RNA by RT-PCR

Total RNA was isolated from PC-3 human prostate cancer cells by the
LiCl-urea method (29) and treated with deoxyribonuclease (RNase-free).
RT-PCR was performed for MET using the oligonucleotide primers
5'-GGTTGCTGATTTITGGTCATGC-3’ (forward, residues 3905-3925 bp)
and 5'-TTCGGGTTGTAGGAGTCTTCT-3' (reverse, residues 4146-4166
bp) (30). After the RT reaction, PCR was carried out in a DNA thermal
cycler (Perkin-Elmer Corp./Cetus, Palo Alto, CA) under the following
conditions: 1-min denaturing at 94 C, 1-min annealing at 55 C, 2-min
extension at 72 C for 35 cycles, and 7-min extension at 72 C. The expected
261-bp PCR fragment was cloned into EcoRV-digested Bluescript-KS
(treated with Tag polymerase), and the correct sequence was confirmed
by DNA sequencing to give plasmid hMET/BS.

HGF INHIBITS HORMONE-REFRACTORY PROSTATE CANCER
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RNase protection analysis

RNA was isolated from the human prostate cancer cell lines LNCaP,
PC-3,DU 145, and ALVA-31 by the LiCl-urea method (29). Human MET
mMRNA levels were measured with **P-labeled T7 polymerase-synthe-
sized antisense RNA probe from HindIll-digested hMET/BS. Human
cyclophilin mRNA was measured with a **P-labeled T3 polymerase-
synthesized antisense RNA probe from pTRI-cyclophilin (Ambion, Inc.).
Ten micrograms of total RNA were simultaneously hybridized with the
MET and cyclophilin probes at 37 C for 16 h and digested with RNase
mixture (Ambion, Inc.) for 30 min at 37 C. RNase digestion products
were analyzed by electrophoresis on polyacrylamide-urea gels and au-
toradiography. The protected RNA fragments are 261 nucleotides (MET)
and 103 nucleotides (cyclophilin).

Western blot analysis

Total protein lysates from LNCaP, PC-3, DU 145, and ALVA-31 cells
were prepared as previously described (31) except without boiling. After
separation of 10 ug protein by SDS-PAGE, proteins weére transferred by
electrophoresis to Immobilon-P membrane (Millipore Corp., Bedford,
MA) and incubated in’5% nonfat dry milk, PBS, and 0.05% Tween-20 for
1 h. Rabbit polyclonal antibodies specific for human MET (1/1000 di-
lution; h-MET C-12, Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
were diluted in 5% nonfat dry milk, PBS, and 0.05% Tween-20 and incu-
bated overnight at 4 C. Membranes were washed in PBS and 0.05%
Tween-20 (three times, 10 min each time) and incubated with horseradish
peroxidase-conjugated secondary antibody (antirabbit; 1/1000 dilution;
Roche Molecular Biochemicals, Indianapolis, IN) for 1 h, washed in PBS and
0.05% Tween-20, and analyzed by exposure to x-ray film (X-Omat, Eastman
Kodak Co., Rochester, NY) using enhanced chemiluminescence (ECL, Am-
ersham Pharmacia Biotech, Arlington Heights, IL).

MET activation (P-Tyr) measurement by KIRA (kinase
receptor activation) assay

Celis were plated in 10-cm dishes with RPMI medium supplemented
with 7.5% FBS. After incubation overnight at 37 C, semiconfluent cultures
were washed three times with PBS, then treated for 10 min with HGF at
10 ng/ml diluted in serum-free RPMI 1640 with 1 mg/ml BSA. Cells were
rinsed and lysed in 1 ml PBS, 0.2% Triton X-100, 10 ug/ml aprotinin, 5 mm
sodium fluoride, 2 mm orthovanadate, and 0.2 mM phenylmethylsulfo-
nylfiuoride for 30 min at room temperature. The lysate was cleared by
centrifugation, and the supernatant was collected; the protein was quan-
tified by the bicinchoninic acid protein assay (Pierce Chemical Co., Rock-
ford, IL). One hundred-microliter aliquots were transferred in duplicate
to a Maxisorp 96-well plate that had been coated with 5 ug/ml pro-
tein A-purified rabbit IgG antibody against MET-extracellular domain
(anti-MET/ECD IgG) (32). Cell lysates were incubated for 2 h at room
temperature. The bound P-Tyr was detected after another 2-h incubation
with biotin-conjugated antiphosphotyrosine antibody, followed by horse-
radish peroxidase-streptavidin and development with tetramethylbenzi-
dine peroxidase solution (32). The reaction was stopped with 1 M phos-
phoric acid, and MET activation (ie. phosphorylated tyrosine) was
determined based on optical density at 450-690 nm in an automatic plate
reader.

Assay of cell proliferation

Cell proliferation was assessed by cell counting. To test the separate and
combined antiproliferative effects of 1,25-(OH),D and HGF, cells were
seeded at a density of 5000 cells/6-cm dish. After incubation for 24 h,
medium was replaced with fresh medium containing vehicle (ethanol, final
concentration of 0.01%), 1,25-(OH),D (to a final concentration of 1, 10, or 100
nM), HGF (added in medium to a final concentration of 1, 10, or 20 ng/ml),
or a combination of HGF and 1,25-(OH),D. After 3 days, the medium was
changed and replenished, and on the sixth day, cells were harvested by
trypsinization and counted with a Neubauer hemocytometer (Hausser
Scientific, Hursham, PA). Cell numbers of each experiment were derived
from the mean value of triplicate wells in an experiment. Nearly all (>98%)
cells under all treatment conditions excluded trypan blue.
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Analysis of cell cycle effects

Cell cycle distribution and changes with HGF and 1,25-(OH),D were
estimated for ALVA-31 cells by analytical flow cytometry (33). To ac-
cumulate sufficient cells for cell cycle analyses, cells were seeded at
30,000 cells/10-cm dish (twice the density used for proliferation studies).
They were treated 24 h later with ethanol (0.01%), HGF (10 ng/m}),
1,25-(OH),D (10 nm), or a combination of HGF (10 ng/ml) and 1,25-
(OH),D (10 nm). After 6 days of treatment, cells were trypsinized and
washed twice with ice-cold PBS containing 0.1% glucose, then fixed by
dropwise addition of 70% ethanol. After at least 12 h of ethanol fixation,
DNA was stained with propidium iodide (50 ug/ml) for 30 min. RNase
(100 U/ml) was included in the staining solution to degrade double
stranded RNA. Analyses were performed with a FACScan unit (Becton
Dickinson and Co., San jose, CA). Excitation was at 488 nm, with emis-
sion measured at 630 nm. Distribution of cells with respect to their DNA
content was analyzed for 5000 cells for each test condition. The relative
proportions of cells in various cell cycle phases were estimated by
compartment analysis of DNA fluorescence using cell cycle analysis
software from the manufacturer to set cut-offs for G;, S, and G,/M (33).

Statistical analysis

Statistical analysis was performed by ANOVA. For single compari-
sons of the difference between means, unpaired Student’s t test was
applied. Significance levels are indicated in the figure legends.

Results

MET (mRNA and protein) in LNCaP, PC-3, DU 145, and
ALVA-31 cells

MET mRNA was previously shown by Northern blot anal-
ysis to be present in PC-3 and DU 145 cells, but not in LNCaP
cells (34). We used the RNase protection technique to deter-
mine whether MET was also present in ALVA-31 cells. We
found the MET mRNA in ALVA-31 cells comparable to that
found in PC-3 and DU 145 cells, but there was no detectable
MET in LNCaP cells (Fig. 1). Similarly, MET protein was not
detectable in LNCaP by Western blot, whereas it was present
in equivalent amounts in the other cell lines (Fig. 1).

Phosphorylation of MET tyrosine

With the double antibody technique we analyzed whether
the addition of HGF to the prostate cancer cell lines resulted
in the activation of MET. Tyrosine phosphorylation of MET
was readily detectable in all androgen-unresponsive cell
lines (DU 145, PC-3, and ALVA-31), but not in LNCaP cells.
This finding indicates activation of the MET receptor in the
three cell lines in response to HGF treatment (Fig. 2).

Initial survey of HGF effects on growth in prostate cancer
cell cultures

We conducted initial experiments to assess the growth
effects of adding HGF (10 ng/ml) and vitamin D (10 nm)
alone and in combination (Table 1). After 6 days of treatment
with HGF alone, no growth inhibition was noted in LNCaP
or PC-3, but ALVA-31 and DU 145 were inhibited 49% and
35%, respectively (Table 1). Vitamin D alone markedly in-
hibited LNCaP (71% decrease from control), with much
smaller effects on PC-3 (8% decrease) and ALVA-31 (42%
decrease) and no significant effect on DU 145 (9% increase).
Although the addition of HGF together with vitamin D did
not further inhibit LNCaP, HGF addition did further inhibit
each of the androgen-unresponsive cell lines: PC-3 showed
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Fic. 1. Expression of MET RNA and protein in androgen-indepen-
dent, but not in androgen-responsive, human prostate cell lines. A,
RNase protection analysis of human MET expression showing high
levels in PC-3 (PC; lane 3), DU 145 (DU; lane 4), and ALVA-31 (AL;
lane 5) and no expression in LNCaP (LN; lane 2). The sizes of the
protected fragments are 261 nucleotides (MET) and 103 nucleotides
(cyclophilin). Lane 1 is a no RNA negative control. B, Ten micrograms
of total protein were analyzed by Western blot using a polyclonal
antibody that recognizes human MET. Expression of the 190-kDa
precursor, the proteolytically processed 140-kDa B-chain, and the
50-kDa a-chain was detected in PC-3 (PC; lane 2), DU 145 (DU; lane
3), and ALVA-31 (AL; lane 4), but not in LNCaP (LN; lane 1). Rela-
tively equal amounts of protein were loaded, based on Coomassie blue
staining of membranes.

a 15% decrease with the combination vs. an 8% decrease with
vitamin D alone, DU 145 showed a 35% decrease with the
combination vs. no inhibition with vitamin D alone, and
ALVA-31 manifested a 78% decrease with the combination
vs. 42% with vitamin D alone. Because combining HGF with
vitamin D caused as great an inhibition in the androgen-
unresponsive ALVA-31 cells as the marked inhibition seen
with vitamin D treatment of the androgen-sensitive LNCaP
cells, we selected ALVA-31 for further study.

1,25-(OH),D and HGF exert separate, cooperative, and
reversible antiproliferative effects on ALVA-31 cells

Vitamin D (1,25-(0OH),D) at concentrations of 1,10, and 100
nM decreased cell number by 14% (P = NS), 45%, and 67%,
respectively. HGF at 1, 10, and 20 ng/ml decreased cell
number by 10% (P = NS}, 59%, and 61%, respectively (Fig.
3). Inhibition with the HGF-vitamin D combination was sig-
nificantly more potent than with either agent alone at all
concentrations, with the maximal effect (>85% decrease) of
the combination always significantly greater than that
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Phosphotyrosine, fold increase

LNCaP

ALVA-31  DU145 PC-3

Fic. 2. MET activation measurement using the KIRA assay. After
HGF treatment, phosphorylated tyrosine was determined in the three
androgen-independent cell lines based on OD at 450-690 nm. Treated
cells were compared with controls. The results are expressed as the
fold increase compared with LNCaP as a negative control (because it
lacks the MET receptor).

TABLE 1. Survey of separate and combined growth inhibitory
(percent decrease from control/vehicle only) effects of HGF and
vitamin D in four prostate cancer cell lines

% of control

Vitamin D (10 na)

HGF (10 ng/ml) Combination

LNCaP 110 = 12 29 = 11¢ 26 = 59
PC-3 1028 92 £ 6 85 = 9°
ALVA-31 51 = 11¢ 58 = 5° 22 + gt
DU 145 65 * 13¢ 109 *= 10 68 = 13%%

Cultures were plated at an initial density of 200-400 cells/cm? and
treated for 6 days as indicated in Materials and Methods. Values are
the mean percentages of control = sp from four experiments.

@ Significant difference from control, P < 0.05.

® Significant difference between combination-treated and vitamin
D-treated cells.

achieved by either agent alone. Although no significant in-
hibition occurred with 1 nm vitamin D or 1 ng/ml HGF,
combining the two agents at these low concentrations pro-
duced a significant inhibition (35% decrease). Ten-fold
higher concentrations of HGF or vitamin D were needed to
achieve comparable inhibition with only one agent (Fig. 3).

In contrast to the irreversible antiproliferative effects of
vitamin D in androgen-sensitive cells (2), the antiprolifera-
tive effect of the vitamin D-HGF combination is reversible in
ALVA-31. After treatment for 3 days with the combination
of 10ng/ml HGF and 10 nM vitamin D, cultures were divided
into two groups, continuing the combined treatment in one
group and withdrawing treatment in the other. Cell cultures
were monitored daily by microscopy, and after 3 more days
of treatment, cells were counted. Treatment withdrawal dou-
bled cell number compared with cultures treated continuously.
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Fic. 3. Additive growth inhibitory effects of HGF and vitamin D on
ALVA-31 cells. A dose response of ALVA-31 cell proliferation was
obtained for separate and combined treatment with HGF and vitamin
D (1,25-(0H),D]. Cultures were prepared and treated as indicated for
6 days, as described in Materials and Methods. Bars indicate the mean
and SE for four to six experiments (triplicate dishes for each condition
in each experiment). ¥, P < 0.005; **, P < 0.001 (vs. control, by
Student’s ¢ test). The mean values for cells treated with HGF and
vitamin D at 10 ng and 1078 M or 20 ng and 10~7 M are significantly
different from those of cells treated with vitamin D or HGF alone (P <
0.005, by ANOVA; controls averaged 2.3 = 0.4 X 10° cells/dish).

HGF-vitamin D combination treatment alters cell
cycle distribution

Cells grown in 10 nM vitamin D or in 10 ng/ml HGF did
not show significant changes in cell cycle distribution. How-
ever, with the HGF-vitamin D combination, the percentage of
cells in G, decreased from 60 =+ 3% to 50 + 2.5%, and the fraction
of cells in later cell cycle phases {(5/G,/M) increased from 39 +
3.2% to 48 = 1% (Fig. 4). Cell cycle analysis performed at 2, 3,
and 6 days of treatment failed to show any lower DNA mass
fluorescence peaks, which argues against DNA fragmentation
and apoptosis. The generalized increase in later cell cycle phases
suggests that the growth inhibitory effects involved cell cycle
slowing at points beyond the G, /S checkpoint.

Discussion

Our results indicate that HGF can inhibit the growth of
some androgen-independent prostate cancer cell lines. Such
inhibition by HGF has been reported for only a few cancers
(11, 13, 35). Growth inhibition and antitumorigenic effects
have been reported in hepatoma both i vitro and in vivo (11,
12, 36, 37). Because HGF stimulates normal hepatocytes and
is a potent inhibitor of hepatoma cells (36), it is likely that the
intracellular signaling in response to HGF stimulation is
different in normal and malignant cells. These findings in
hepatoma could well pertain to prostate, because HGF stim-
ulates normal prostate epithelium cells and inhibits andro-
gen-unresponsive prostate cancer.

Inhibition of prostate cancer cells with HGF seems para-
doxical in view of its classical role as a paracrine growth
stimulator (9) as well as previous investigations that sug-
gested an adverse role for HGF in prostate carcinoma based
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Fic. 4. Cell cycle phase distribution changes during treatment of ALVA-31 cells with the combination of vitamin D (1,25-(0OH),D] and HGF.

Cultures were prepared and treated with vehicle (ethanol), HGF (10 ng/ml), 1,25.(
and Methods. After 6 days of treatment, cells were harvested and fixed in ethano] for subsequent staining with propidium iodide and cell cycle
analyses as described in Materials and Methods. A, Representative FACS profiles for control, vitamin D, HGF, and combination-treated cells.

B, For each condition, the cell cycle distribution between G; and later cell cycle phases (S, G,, and M combined) in four separate experiments.
Bars indicate the mean and SE. *, Significantly different from control at P < 0.05.

OH),D (10 nM), or their combination, as described in Materials
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onseveral findings (14, 15). First, MET expression appears to
correlate with prostate tumor invasion and spread (15). Sec-
ond, growth stimulation by HGF was reported in nonneo-
plastic rat prostate cells (14) and in one androgen-refractory
(DU 145) human prostate cancer cell line (34). Third, in-
creased invasion potential in the Matrigel invasion chamber
assay was stimulated by HGF (38). Although we observed
growth inhibition at higher plating densities, the greater
effects on growth were seen at lower plating densities. How-
ever, the difference in cell density is unlikely to explain the
finding of growth stimulation (34) or lack of inhibition (38)
by HGF in DU 145 cells. The most likely reason for the
difference from our results was the lack of serum in their
experiments (34, 38). Therefore, we compared the effect of
HGF on DU 145 cells grown under full serum and serum-free
conditions. Despite an HGF-induced growth inhibition in the
presence of serum, we found that HGF had no significant
effect on the growth of DU 145 cells in serum-free medium
(unpublished data). A similar discrepancy of growth effects
in the presence and absence of serum has been reported for
LNCaP cells with vitamin D treatment (4).

The lack of mitogenic, motogenic, and morphogenic re-
sponses of LNCaP cells to HGF was not surprising in view
of the absence of MET RNA transcript and protein by RNase
protection and Western blot, respectively. Although all three
androgen-independent cell lines (ALVA-31, DU 145, and
PC-3) showed equivalent MET activation (tyrosine phos-
phorylation) with HGF, PC-3 lacked the antimitogenic and
morphogenic responses. A similar lack of proliferative and
invasive response of PC-3 to HGF was reported by Nish-
imura et al. (38). Because signals given to epithelial cells by
HGF are mediated through the MET receptor tyrosine kinase,
the lack of response by PC-3 despite the receptor’s activation
points to a defect(s) in the downstream signaling pathway,
which might be true for other malignant cell types.

We selected ALVA-31 cells for studies of the HGF and
vitamin D interaction because they show clear-cut growth
inhibition with either agent alone. The cooperative interac-
tion of HGF with vitamin D was revealed by the significant
inhibition resulting from the combination of low doses of
these agents, which by themselves exerted no effect on
growth. In addition, although neither HGF nor vitamin D
alone significantly altered cell cycle distribution, their com-
bination did, with an accumulation of cells in S/ G,/M
phases. These results are consistent with earlier reports that
despite significant antiproliferative effects on androgen-
refractory cells, vitamin D alone did not alter cell cycle dis-
tribution (39). Our finding that the HGF-vitamin D combi-
nation treatment decreased the fraction of cells in G; and
increased the fraction in later cell cycle phases (S, G,, and M),
in concert with the marked growth inhibition, suggests that
the slowed cell cycle progression with these factors involves
cooperative, but distinct, actions at loci beyond the G,/S
checkpoint. Down-regulation of cyclin B and/or cyclin-
dependent kinase-1, which regulate late cell cycle events, is
a plausible mechanism at which future work will be directed.
Slowing of cell cycle progression through these later phases
was previously noted in T47D breast cancer cells by vitamin
D, an agent considered to exert its inhibition via G, /S slow-
ing (40). In our experiments, cell loss through apoptotic
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mechanisms seems unlikely, given the large inhibition ob-
served and the lack of any evidence for apoptosis during
serial microscopy or from flow cytometric analyses (33). Fur-
thermore, despite the lower cell number under treatment
conditions, the number of cells present at the end of the
experiment still represents a 10-fold increase over the num-
ber of cells initially plated. The reversibility of the antipro-
liferative effect with treatment withdrawal also argues
strongly against apoptosis.

Androgen-responsive prostate epithelial cells, such as
LNCaP, are markedly and irreversibly inhibited by vitamin
D, with decreased G, /S transit that results in accumulation
of cells in the G, phase of the cell cycle, suggesting G,/S
arrest (39, 41). The development of vitamin D resistance in
androgen-unresponsive prostate cancer cells could signal
their diminished ability for G, /S checkpoint regulation. Al-
though decreasing vitamin D receptor expression during
tumor progression to androgen unresponsiveness could ex-
plain some of the apparent vitamin D resistance (42), neither
vitamin D receptor loss nor diminished transcriptional ac-
tivity fully accounts for this difference, because the andro-
gen-unresponsive ALVA-31 cells have higher vitamin D re-
ceptor number and activity than the androgen-responsive
LNCaP cells (7). Each androgen-unresponsive cell line has
well-documented mutations (43, 44) involving Rb, p53, p21,
and/or other antioncogenes critical to G, /S checkpoint control
by vitamin D and other hormones (44-46). Such mutations may
provide areason for why vitamin D is less effective in inhibiting
G, /S transit in androgen-unresponsive cell lines (39, 47, 48).
Another reason is the loss of androgen snodulation of cell cycle
control. Restoring androgen receptor activity has been shown
to reinstitute G,/S checkpoint control (49). Although no one
regulatory or genetic alteration is likely to disrupt G, /S control,
cumulative changes may result in loss of cell cycle control.

In conclusion, although most of the previous work on
vitamin D and HGF-mediated growth inhibition involved
effects on early cell cycle events, our results suggest that in
androgen-insensitive prostate cancer cells, HGF and vitamin
D can use distinct mechanisms to slow cell cycle progression
at loci beyond the G,/S checkpoint. Prostate neoplasia is
associated with increased MET (HGF receptor) immuno-
staining (15). Such heightened MET expression together with
the paradoxical inhibition by HGF we observed in vitro might
offer an opportunity to slow the progression of disease that
has advanced in the face of androgen deprivation. Similarly,
other pleiotropic growth factors might be used to inhibit
aggressive prostate cancers (which lost control of G,/S) if
they gain or retain their ability to inhibit later in the cell cycle.
A combination of such agents with diverse, albeit minor,
cooperative inhibitory actions at these later cell cycle loci
might ultimately serve as an important adjuvant to vitamin
D and other therapeutic agents in advanced prostate cancer.
Notwithstanding the novel potential benefits our in vitro
results imply, any clinical use of HGF in advanced prostate
cancer will have to address problems attached to mode,
duration, and cost of HGF administration (50) as well as
potential adverse effects related to angiogenesis. The pros-
pects for HGF as adjunct to vitamin D therapy are currently
being addressed in preclinical xenograft studies.
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Few therapeutic treatment options are available
for patients suffering from metastatic androgen-
independent prostate cancer. We investigated the abil-
ity of the estrogen metabolite 2-methoxyestradiol to
inhibit the proliferation of a variety of human prostate
cancer cell lines in vitro and to inhibit the growth of
androgen-independent prostate cancer in a transgenic
mouse model in vivo. Our results showed that
2-methoxyestradiol is a powerful growth inhibitor of
LNCaP, DU 145, PC-3, and ALVA-31 prostate cancer
cells. Cell flow cytometry of 2-methoxyestradiol-
treated DU 145 cells showed a marked accumulation of
cells in the G2/M phase of the cell cycle and an in-
crease in the sub-G1 fraction (apoptotic). In addition,
staining for annexin V, changes in nuclear morphol-
ogy, and inhibition of caspase activity support a role
for apoptosis. More importantly, we showed that
2-methoxyestradiol inhibits prostate tumor progres-
sion in the Gv/T-15 transgenic mouse model of
androgen-independent prostate cancer without toxic
side effects. These results in cell culture and an animal
model support investigations into the clinical use
of 2-methoxyestradiol in patients with androgen-
independent prostate cancer. © 2001 Academic Press

Key Words: estrogens; flow cytometry; annexins;
transgenic mice; necrosis.

Prostate cancer advances through an androgen-
dependent stage, which is responsive to palliation by
androgen deprivation. In time, most prostate cancers
return through an androgen-independent stage, which
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is marked by skeletal metastasis and results in a pain-
ful death (1). The lack of effective therapy for
androgen-independent prostate cancer continues to
spur new efforts to find therapeutic avenues for man-
aging this prevalent male neoplasm. Our recent report
of the cooperative action of 1,25-dihydroxyvitamin D
(1,25D) and hepatocyte growth factor (HGF) to inhibit
androgen-independent human prostate cancer cell
lines by inducing G2/M arrest supports the targeting of
late cell-cycle stages for therapeutic intervention in
androgen-insensitive disease (2). Stages beyond G1/S
are also targeted by other chemotherapeutic agents,
including vinblastine, docetaxel, and estramustine,
which are currently being tested for managing meta-
static prostate cancer (3). However, these agents often
act via the disruption of microtubule function and are
relatively nonspecific in slowing cell proliferation, in-
cluding nontumor cells, and may therefore cause toxic
side effects (4).

Previous studies showed that high doses of estrogen
(diethylstilbestrol) inhibit the growth of advanced
prostate cancer cells via an estrogen receptor-
independent mechanism involving cell-cycle arrest and
apoptosis; however, cardiovascular complications limit
the usefulness of this therapy (5, 6). In our search for
other chemotherapeutic agents that would induce
G2/M cell-cycle arrest of androgen-independent pros-
tate cancer cells without adversely affecting nontumor
cells, we investigated 2-methoxyestradiol (2-ME), a
prominent endogenous estradiol metabolite (7, 8).
2-ME inhibits growth in virtually all tumor cell lines
tested in vitro and in xenograft models in vivo (7-23).
As for diethylstilbestrol, the putative mechanisms of
2-MFE’s antitumor action are also estrogen receptor
independent and include: (a) disruption of microtubule
function (11), (b) slowing G2/M transit of the cell cycle
(12, 15, 17, 21), (¢) inducing apoptosis (14, 15, 18, 19,
21, 23), (d) inhibiting angiogenesis (10, 13, 22), (d)
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stimulating expression of the p53 tumor suppressor
gene (14-16, 18), and (e) inhibiting superoxide dis-
mutase (23). Because 2-ME has negligible affinity for
estrogen receptors (<0.1% compared to estradiol) (7,
8), its use in vivo should not engender estrogenic side
effects such as those observed with diethylstilbestrol
(5, 6).

2-ME’s powerful antitumor activity and its favorable
toxicity profile enhance its promise as an investigative
drug for potential use in managing prostate cancer
(24). Here we demonstrate for the first time that 2-ME
is a powerful growth inhibitor of androgen-dependent
and -independent human prostate cancer cell lines by
mechanisms involving G2/M cell-cycle arrest and apop-
tosis. We also demonstrate that 2-ME therapy in our
established transgenic mouse model of androgen-
independent prostate cancer, Gy/T-15 (25, 26), slows
the growth of primary tumors and increases the areas
of necrotic cells in metastatic lesions without any of the
side effects common with other therapies. These re-
sults together with the recent designation of investiga-
tive new drug (IND at EntreMed, Inc., Rockville, MD)
status for 2-ME treatment of men with prostate cancer
provide the framework for examining 2-ME therapy in
prostate cancer.

MATERIALS AND METHODS

Reagents. 2-ME, dimethyl sulfoxide (DMSO), and propidium io-
dide (PI) were purchased from Sigma (St. Louis, MO). The annexinV-
FITC apoptosis kit, Z-VAD-FMK general caspase inhibitor, and
Z-FA-FMK negative control were obtained from Trevigen (Gaithers-
burg, MD). For the in vivo experiments, 2-ME purchased from Ster-
aloids (Newport, RI) was processed into slow-release tablets by In-
novative Research of America (Sarasota, FL). Innovative Research
also supplied placebo pellets.

Cell culture. The human prostate carcinoma cell lines LNCaP
(27), DU 145 (28), and PC-3 (29) were obtained from the American
Type Culture Collection (Rockville, MD). ALVA-31 cells were pro-
vided by Dr. Richard Ostenson (30). All cells were cultured in RPMI-
1640 medium (GIBCO, Grand Island, NY) supplemented with 5%
fetal bovine serum (Hyclone, Logan, UT), 100 IU/ml penicillin, 100
ug/ml streptomycin, and 0.25 pg/ml amphotericin (Gibco BRL) at
37°C in a humidified atmosphere of 5% CO, in air.

Cell growth assay. Prostate cancer cells were seeded in 6-well
plates at 1-2 % 10" cells per well for DU 145, PC-3, and ALVA-31 and
at 5 X 10* cells per well for LNCaP. The next day, fresh medium
containing 2-ME (0.1-5 uM) or 0.1% DMSO (vehicle) was added;
medium was changed after 3 days. On day 6, cells were removed with
trypsin-EDTA, and viable cells were counted with a Neubauer he-
macytometer. Reversibility was assessed as described above, except
that fresh medium not containing 2-ME was replenished after 1, 2,
and 3 days of 2-ME treatment. Cell counts were normalized against
the vehicle control; the data are expressed as a percentage of control
(mean * standard deviation) from three or four independent exper-
iments done in triplicate.

Analysis of cell-cycle distribution. The DU 145 human prostate
cancer cell line was seeded at 1 X 10° cells per 6-cm dish; the next
day fresh medium containing 2-ME (5 puM) or 0.1% DMSO was
added. After 1-3 days, cells were removed with trypsin-EDTA,
rinsed with ice-cold PBS containing 0.1% glucose, and fixed for at
least 12 h after drop-wise addition of 70% ethanol; the DNA was then
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stained with PI (50 ug/ml) containing DNase-free RNase (100 units/
ml) for 30 min. To determine reversibility of 2-ME-induced cell-cycle
distribution, cells were grown in medium containing 2-ME for 1, 2,
and 3 days; medium was replenished with fresh medium without
2-ME. Cell-cycle analyses were performed using a FACS Scan unit
(Becton Dickinson, San Jose, CA) by excitation at 488 nm and emis.-
sion at 630 nm. Cell-cycle distribution as measured by DNA content
was analyzed for 5,000 cells for each growth condition. The relative
proportions of cells in the G1, S, and G2/M cell-cycle phases were
estimated by compartment analysis of DNA fluorescence using cell-
cycle analysis software from the manufacturer (2). Low-molecular-
weight DNA fluorescence was indicative of apoptotic cells. Two in-
dependent experiments were done in triplicate.

Analysis of apoptosis. To detect early stages of apoptosis, we
seeded 4 X 10* DU 145 cells per 6-cm dish and the next day added
fresh medium containing 1 or 5 uM 2-ME. After 3 days, cells were
removed with trypsin-EDTA and washed with medium. Live (un-
fixed) cells were costained with annexin V-FITC and PI in sity
according to the manufacturer’s instructions (Trevigen). Random
fields were counted for cells that stained positively with annexin
V-FITC alone or with annexin V-FITC and PI using a Nikon Diaphot
fluorescence microscope; then the number of stained cells was nor-
malized to the total number of cells as counted by phase microscopy
of that field. Results are expressed as percentage annexin-positive/
PI-negative (early apoptotic) and annexin-positive/PI-positive (ne-
crotic) of the total number of cells (mean = SE). Two independent
experiments were done in triplicate. Statistical differences between
early apoptotic and necrotic cells in 2-ME and control dishes were
determined by ANOVA.

To assess nuclear morphology (late stages of apoptosis), we seeded
DU 145 cells at 1 X 10° cells per 6-cm dish and the next day added
fresh medium containing 2-ME (5 pM) or 0.1% DMSO (control). After
1, 2, and 3 days, cells were washed twice with PBS, fixed for 20 min
with freshly prepared 4% paraformaldehyde in PBS, and stained
with 0.1% PI for 20 min at room temperature. Nuclear morphology
typical of apoptotic cells was sought using a Nikon Diaphot fluores-
cence microscope.

Caspase inhibition. For further demonstration of a role for apop-
tosis in 2-ME inhibition, 2 X 10* DU 145 cells per dish were seeded
in triplicate, and the next day fresh medium containing Z-VAD-FMK
peptide (20 uM, general caspase inhibitor), Z-FA-FMK peptide (20
M, negative control), or 0.1% DMSO vehicle was added. After 1 h,
2-ME (5 uM) was added to the dishes containing Z-VAD-FMK and
Z-FA-FMK, and DMSO was added to the control dishes. After 3 days,
the cells were removed by trypsin-EDTA and counted on a Neubauer
hemacytometer; cell counts were determined and expressed as per-
centages of untreated vehicle control (without added peptide;
mean * standard deviation) from two independent experiments done
in triplicate.

In vivo effect of 2-ME. We utilized the Gy/T-15 transgenic mouse
model of androgen-independent prostate cancer (25, 26) to assess the
in vivo antitumor effect of 2-ME. Transgenic male mice (1620 weeks
old) with palpable prostate tumors were randomly divided into ex-
perimental and control groups. In our initial studies, we used an oral
feeder to administer daily 2-ME (75 mg/kg) (n = 3) or olive oil
vehicle control (Sigma, best quality) (n = 2). Subsequently, we
subcutaneously implanted 21-day slow-release tablets containing
2-ME (75 mg/kg) or placebo (n = 6 for each group) in anesthetized
mice with palpable prostate tumors (4 days after first detected). In
addition, we similarly implanted 60-day slow-release tablets contain-
ing 2-ME (75 mg/kg) or placebo (n = 4 for each group) into 20-week-
old mice without palpable prostate tumors. Three of four mice in each
60-day tablet group eventually developed prostate tumors. Prostate
tumor growth was monitored by palpation three times per week and
allowed to progress for 21 days in the presence of 2-ME or placebo
treatment. Primary prostate tumors and visible lymph node metas-
tases were excised and their wet weight determined. Statistical
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FIG.1. 2-ME inhibits growth of human prostate cancer cell lines
in a dose-dependent manner. Androgen-dependent LNCaP (A) and
androgen-independent DU 145 (H), ALVA-31 (#), and PC-3 (®) hu-
man prostate cancer cell lines were treated with 2-ME (0.1-5 uM) or
vehicle control, as described under Materials and Methods. Cell
numbers were determined after 6 days of treatment; the data are
expressed as a percentage of control (mean * standard deviation)
from three or four independent experiments done in triplicate.

differences between 2-ME (n = 12) and placebo (n = 11) primary
and metastatic tumor weights were determined by Student’s two-
tailed ¢ test. For histological analysis, primary and metastatic pros-
tate tumors as well as liver, spleen, heart, lung, kidney, duodenum,
and bone marrow were fixed in 10% buffered formalin, embedded in
paraffin, sectioned at 5 um, and stained with H&E. All animal
studies were carried out with the approval of an Institutional Animal
Care and Use Committee.

RESULTS

2-MFE Inhibits Human Prostate Cancer Cell Growth
in Vitro

Given that 2-ME has been shown to inhibit a wide
variety of cancer cells (7-23), we first confirmed a sim-
ilar response in androgen-dependent LNCaP and
androgen-independent PC-3, DU 145, and ALVA-31
human prostate cancer cell lines. After 6 days, 2-ME
was most effective at inhibiting prostate cancer cell
growth between 1-5 uM, with the largest effects ob-
served in the androgen-dependent LNCaP cell line
(Fig. 1). Severe growth inhibition and cytotoxicity of
androgen-independent PC-3, DU 145, and ALVA-31
were observed using 5 uM 2-ME. The half-maxi-
mal inhibitory concentrations (IC;,) were as follows:
LNCaP, 0.5 uM; DU 145, 1.2 uM; ALVA-31, 1.5 uM;
and PC-3, 1.8 uM. 2-ME mediated growth inhibition is
also time dependent, because after 1 day but not after
2 days of 2-ME treatment, growth inhibition of pros-
tate cancer cells was reversible (not shown).

G2/M Cell-Cycle Arrest and Apoptosis Induced
by 2-ME: Flow Cytometry Analysis

One of the proposed mechanisms for 2-ME’s antitu-
mor effect is the disruption of microtubule function and
blockade of progression through the G2 and M phases
of the cell cycle (11, 12, 15, 17, 21). Accordingly, we
performed flow cytometry analyses to assess cell-cycle

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

distribution mediated by 2-ME treatment in the DU
145 human prostate cancer cell line. After only one day
of 2-ME (5 uM) treatment, there was a marked shift
from G1 to G2/M, confirming a late cell-cycle arrest
(Fig. 2). This cell-cycle distribution was reversible after
one (Fig. 2C) but not after 2 days of 2-ME (5 uM)
treatment, which correlates with the time-dependent
reversibility of cell growth inhibition (not shown). In
addition, an apoptotic (sub-G1) peak was observed af-
ter 1 day of 2-ME (5 uM) treatment of DU 145 (Fig. 2B),
which continues to increase after 2 days (not shown).
Overall, these flow cytometry data suggest that 2-ME
can inhibit the growth of prostate cancer cells in vitro
by mechanisms involving G2/M cell-cycle arrest and
apoptosis.

Biochemical and Morphological Parameters
of Apoptosis

Because a proposed mechanism for 2-ME'’s antitu-
mor effect is the induction of apoptosis (14, 15, 18, 19,
21, 23), we further analyzed in androgen-independent
prostate cancer cells whether 2-ME can induce bio-

Control
G2M
—

—
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a0 1m0 1RO 240 300

A
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FIG. 2. 2-ME induces G2/M cell-cycle arrest and apoptosis in
androgen-independent DU 145 prostate cancer cells. Cell-flow cy-
tometry analysis measuring the number of cells (counts) in the
different phases of the cell cycle (DNA content or PI staining) was
done as described under Materials and Methods. Treatment of DU
145 cells for 1 day with 5 1M 2-ME (B) resulted in a marked increase
of cells in the G2/M phase and sub-Gl/apoptotic (AP) phase and a
decrease in the G1 phase compared to vehicle control (A) treated
cells. Removing 2-ME after 1 day of treatment and further growth for
1 day in medium not containing 2-ME showed reversibility of G2/M
arrest (C). Two independent experiments were done in triplicate.
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FIG. 3. 2-ME mediates a dose-dependent increase in apoptosis.
DU 145 prostate cancer cells treated for 3 days with 2-ME (1 and 5
uM) or vehicle control were simultaneously stained in situ with
annexin V-FITC antibodies and P1. Annexin membrane-stained cells
and PI- or + nuclear stained cells were counted using a fluorescent
microscope and expressed as a percentage of the total number of cells
in the same field determined by phase microscope (mean * SE).
Results showed a dose-dependent increase (P < 0.05, ANOVA) in
early apoptotic cells (annexin +/PI-) and necrotic cells (annexin
+/PI +). Similar results were obtained in two independent experi-
ments done in triplicate.

chemical and morphological markers of apoptosis. To
assess the 2-ME induction of apoptosis in DU 145 cells,
we used annexin V-FITC immunostaining, a marker
for early apoptosis. To distinguish early apoptotic live
cells from necrotic dead cells, we costained DU 145
cells in situ with annexin V-FITC and PI (excluded by
live cells) after treatment with 2-ME (1 and 5 uM) or
control (0.1% DMSO) (Fig. 3). We found a greater num-
ber of early apoptotic cells (annexin-positive/PI-
negative) in 5 uM compared to 1 uM 2-ME-treated DU
145 cells, whereas necrotic cells (annexin-positive/PI-
positive) increased in both 1 and 5 uM 2-ME-treated
cells. Morphological changes associated with late apop-
tosis were observed in 2-ME-treated but not in control
DU 145 cells, including condensed and fragmented
chromatin (Fig. 4). These results further support a role
for apoptosis in 2-ME’s dose-dependent growth inhibi-
tion of prostate cancer cells.

Reduction of the 2-ME Effect by Caspase Inhibition

Because apoptosis proceeds by activation of caspases
(31), we next assessed the extent of 2-ME’s growth-
inhibitory effects in DU 145 cells reduced by the broad-
spectrum caspase inhibitor peptide, Z-VAD-FMK (Fig.
5). Compared to the negative control peptide Z-FA-
FMK (does not inhibit caspase activity), Z-VAD-FMK
significantly reduced the growth-inhibition effects of
2-ME in DU 145 cells (Fig. 5). However, 2-ME was still
able to inhibit significantly DU 145 cell growth (33% of
untreated vehicle control) in the presence of caspase
inhibition.

2-ME

FIG. 4. 2-ME-treated DU 145 prostate cancer cells show nuclear
morphology changes typical of late apoptosis. The fluorescent miero-
scope analysis of PI-stained DU 145 cells after treatment with 5 uM
2-ME (B) or vehicle control (A) for 2 days depicts an area of 2-ME-
treated DU 145 cells containing condensed and fragmented nuclei,
typical of cells undergoing apoptosis (magnification X200).

Control

2-ME Can Inhibit Prostate Cancer in Vivo
without Toxic Side Effects

To assess the ability of 2-ME to inhibit prostate
cancer cell growth in vivo, we used the Gy/T-15 trans-
genic mouse model of androgen-independent prostate
cancer (25, 26). These mice contain the human fetal Gy
globin promoter linked to the SV40 T antigen oncogene
and result in the development of an aggressive highly
metastatic form of prostate cancer originating from
normal prostate epithelial cells (25, 26; manuscript in
preparation). Because of the reversibility of 2-ME’s
effects (see Fig. 2), slow-release tablets were used.
Overall, we found that primary prostate tumors from
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FIG. 5. 2-ME-mediated growth effects are partially overcome by
general caspase inhibitor Z-VAD-FMK. DU 145 prostate cancer cells
were incubated with the general caspase inhibitor Z-VAD-FMK or
the negative control peptide Z-FA-FMK along with 5 uM 2-ME for 3
days; then cell counts were determined and expressed as percentages
of untreated vehicle control (without added peptide; mean * stan-
dard deviation). Inhibition of caspase activity (and presumably apop-
tosis) resulted in a partial recovery of cell growth with the addition of
Z-VAD-FMK (33% of control) compared to the addition of Z-FA-FMK
(11% of control). These differences were significant (*P = 0.001,
ANOVA). Similar results were obtained in two independent experi-
ments done in triplicate.
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FI1G. 6. 2-ME inhibits the growth of androgen-independent pros-
tate cancer in Gy/T-15 transgenic mice. Transgenic males (16-20
weeks) containing palpable prostate tumors were treated either
orally (daily) or by subcutaneously transplanted slow-release tablets
for 21 days with either 75 mg/kg 2-ME or placebo control (see Ma-
terials and Methods). Primary prostate tumors were removed and
wet weight was determined (mean * standard deviation). Trans-
genic mice treated with 2-ME (n = 12) contained smaller primary
prostate tumors compared to control mice (n = 11) (*P = 0.02,
two-tailed Student’s ¢ test).

2-ME (75 mg/kg)-treated mice were significantly
smaller (38% reduction of wet weight) compared to
placebo-treated mice (Fig. 6; P = 0.02) (see Materials
and Methods). However, the total wet weight of lymph
node metastases was not significantly different be-
tween 2-ME and placebo mice (not shown). Despite this
result, histological analysis of small size-matched
lymph-node metastasis lesions consistently showed
greater focal areas of necrosis in 2-ME-compared to
placebo-treated mice (Fig. 7). In addition, we observed
increased intercellular spacing in 2-ME-treated lesions
(likely from edema and typical of areas adjacent to
necrotic areas), which possibly contributed to the soft-
ness of 2-ME-treated tumors compared to the firm pla-
cebo tumors. Because larger prostate tumor masses
normally contain extensive areas of cellular necrosis, it
was not possible to determine if 2-ME also induced
greater areas of necrosis in primary prostate tumors.

Mice without palpable prostate tumors that received
the 60-day slow-release 2-ME or placebo tablets devel-
oped prostate tumors with the same frequency (3 of 4),
suggesting a lack of chemoprevention by 2-ME. During
the time of 2-ME treatment (21 to 60 days), no toxic
side effects were noted—i.e., there were no significant
differences in body weight, behavior, or histology of
multiple tissues including bone marrow and duode-
num. Overall, these results suggest that 2-ME can
significantly inhibit androgen-independent prostate
cancer in the Gy/T-15 transgenic mice without the toxic
side effects associated with other therapies.

DISCUSSION

We previously demonstrated that the combination of
1,25D and HGF treatment of androgen-independent
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prostate cancer cells resulted in only modest G2/M
cell-cycle arrest and growth inhibition (2). However,
application of this combination in clinical studies must
address potential problems arising from HGF’s angio-
genic and 1,25D’s calcemic side effects (32, 38). In this
report we show that the endogenous estrogen metabo-
lite 2-ME provides more effective growth inhibition of
androgen-independent prostate cancer cells than we
observed with HGF and 1,25D. The mechanism
whereby 2-ME blocks prostate cancer cell proliferation
involves a marked G2/M arrest and induction of apop-
tosis in vitro. Finally, we show that continuous treat-
ment with 2-ME has a significant antitumor effect in
the Gvy/T-15 transgenic mouse model of androgen-
independent prostate cancer without toxic side effects.
These data encourage further study in the clinical use
of 2-ME against androgen-independent prostate can-
cer, which currently has few treatment options.

2-ME inhibits the growth of all prostate cancer cell
lines in vitro, including androgen-independent DU 145,
PC-3, and ALVA-31 and particularly androgen-
dependent LNCaP (Fig. 1). The IC, doses for prostate

Placebo

 dmesey!

net S i

FIG. 7. Areas of cellular necrosis in metastatic lymph node le-
sions are increased by 2-ME. Small size-matched metastatic lesions
from placebo-treated (A, C) and 2-ME-treated (B, D) mice were
removed for histological analysis. (A) A light micrograph (H&E, x40)
of metastasis to lymph node from placebo-treated mouse shows ho-
mogenous architecture of tumor cells with little or no areas of necro-
sis. (B) A light micrograph (H&E, X40) of metastasis to lymph node
from 2-ME-treated mouse shows focal areas of necrosis (arrows in-
dicating darker staining cells) surrounded by tumor cells (note
lighter appearance of tumor cell areas compared to placebo). (C)
Higher magnification (H&E, x400) of metastatic lesion from
placebo-treated mouse shows numerous mitotic tumor cells and cells
with pyknotic nuclei (darker stain). (D) Higher magnification (H&E,
X 400) of metastatic lesion from 2-ME-treated mouse reveals an area
of necrosis (arrows) containing cells with pyknotic nuclei next to an
area containing mitotic tumor cells. Note the increase in intercellu-
lar spacing in the tumor cell area (typical of areas adjacent to
necrotic areas), resulting in the lighter appearance observed in B.
Similar results were observed in analysis of other placebo (n = 3)
and 2-ME (n = 3) metastatic lesions.
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cancer cells (0.5-1.8 M) are greater than for breast
cancer cells (0.01-0.2 uM) but less than for lung, pan-
creatic, and hepatoma cancer cells (1.5-10 uM) (9, 13,
14, 19, 21). In addition, not all lung cancer cell lines are
inhibited by 2-ME. For example, 2-ME growth inhibi-
tion of lung cancer cell lines depends on the expression
of p53 tumor suppressor (14). In prostate cancer cells,
the growth-inhibitory effect of 2-ME is p53 indepen-
dent because DU 145 and PC-3 contain mutated p53
(34). These results suggest that similar to breast can-
cer cells, prostate cancer cells are very sensitive to the
growth-inhibitory effects of 2-ME.

One of the postulated mechanisms for 2-ME’s anti-
tumor effect is the disruption of microtubules and the
subsequent growth arrest of proliferating cells in the
G2/M phase of the cell cycle (11, 12, 15, 17, 21). In
agreement, we found a marked increase in DU 145
prostate cancer cells in the G2/M phase after 2-ME
treatment (Fig. 2). In contrast, the effect of 2-ME on
cell-cycle distribution is dissimilar for breast, lung, and
pancreatic cancer cells (9, 14, 19). For example, in
breast cancer cells, 2-ME treatment results in an ac-
cumulation in the G1 phase (9), whereas in pancreatic
cancer cells the accumulation occurs in the S phase
(19). In p53-positive lung cancer cells, 2-ME does not
affect microtubule structure and has no effect on the
cell cycle (14). In this case, the likely mechanism of
growth inhibition is induction of p53-mediated apopto-
sis (14-16). In hepatoma cells, similar to prostate can-
cer cells, 2-ME growth inhibition results in accumula-
tion in the G2/M phase (21). These results suggest that
2-ME utilizes diverse mechanisms, in addition to dis-
ruption of microtubules, to inhibit the growth of nu-
merous cancer cell lines'in vitro.

Using flow cytometry, annexin immunostaining, cell
nucleus morphology, and caspase inhibition, we
showed that 2-ME can induce apoptosis in DU 145
prostate cancer cells in vitro. It is apparent from the
cell flow cytometry data that induction of apoptosis
requires at least one day of treatment with 5 uM 2-ME,
after which growth inhibition becomes irreversible
(Fig. 2). Results obtained from annexin immunostain-
ing suggest that treatment with a lower dose of 2-ME
(1 uM) leads to cell growth inhibition and necrosis but
without a considerable amount of apoptosis (Fig. 3). In
addition, the caspase inhibitor Z-VAD-FMK results in
a partial block of 2-ME’s growth inhibition of DU 145
prostate cancer cells (Fig. 5). These results suggest
that G2/M arrest and induction of apoptosis are dis-
tinct mechanisms utilized by 2-ME to inhibit prostate
cancer cell growth in vitro. However, it is not clear if
G2/M cell-cycle arrest is required before induction of
apoptosis. We are currently investigating the molecu-
lar mechanisms of 2-ME-mediated G2/M arrest (for
example, effect on cyclin B and cdc2 kinase; 35) and
induction of apoptosis (for examples, mitochondrial cy-

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

tochrome C release, caspase activation, and Bel-2 fam-
ily; 36) in prostate cancer cells.

2-ME appears to have a pleiotropic effect on prostate
cancer cell growth and apoptosis because its activity is
independent of the androgen and estrogen receptors,
tumor suppressors (p53, Rb), and sensitivity to Fas
(87-39). Our findings demonstrate the effectiveness of
2-ME in inhibiting the growth of proliferating prostate
cancer cells in vitro. However, because more than 95%
of androgen-independent prostate cancer cells are in a
quiescent GO state in vivo (40), it will be important to
determine if 2-ME can induce cytotoxicity in nonpro-
liferating prostate cancer cells. A major advantage for
the clinical use of 2-ME is that it has little effect on
normal cells in vitro and no toxic side effects in vivo
(10, 13-15, 18-20). Therefore, 2-ME would be an ideal
antitumor chemotherapeutic agent if it can target pro-
liferating and nonproliferating prostate cancer without
affecting normal tissues.

Finally, our results in Gv/T-15 transgenic mice
treated with 2-ME demonstrated significant but mod-
est anti-prostate tumor activity without toxic side ef-
fects in vivo (Figs. 6 and 7). These findings contrast
with the results of our studies in Gv/T-15 with the
1,25D analog EB 1089, which produced minimal anti-
prostate tumor activity and substantial toxic side ef-
fects including weight loss and hypercalcemia (manu-
script in preparation). We do not yet know whether the
anti-prostate tumor activity of 2-ME in Gv/T-15 mice
occurs by G2/M cell-cycle arrest and induction of apop-
tosis, similar to the in vitro results. Experiments in-
volving short-term dosing of Gy/T-15 mice with 2-ME
followed by flow cytometry analysis of prostate tumors
can help answer this question. It is also possible that
higher doses of 2-ME (>75 mg/kg) are required for
more effective growth inhibition of primary and meta-
static prostate tumors.

Other studies demonstrating the antitumor effect of
2-ME in vivo have utilized cancer cell lines trans-
planted subcutaneously or intravenously into immune-
compromised mice (10, 13, 16, 19, 20). These trans-
plantable tumor models frequently respond to
anticancer drugs or other therapies, but then show no
activity in human trials (41, 42). Transgenic models of
prostate cancer such as Gy/T-15, TRAMP, and C(3)/T
antigen (43) represent a more natural progression of
tumor development, and results obtained from drug
testing in these models may be more predictive of clin-
ical outcome. However, it is too early to conclude that
these mice will be better than transplantable models.

In conclusion, our results demonstrate that the anti-
prostate tumor activity of 2-ME works through multi-
ple mechanisms, including G2/M cell-cycle arrest and
induction of apoptosis. This finding is significant, given
that androgen-independent prostate cancer is an ex-
tremely heterogeneous disease and its growth response
to androgen withdrawal is largely attributed to impair-
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ment of cell-cycle regulation and apoptosis (44, 45).
Chemotherapeutic agents like 2-ME hold great prom-
ise for the management of androgen-independent pros-
tate cancer because of their powerful antitumor activ-
ity and lack of toxic side effects on quiescent normal
cells. Further studies investigating the molecular
mechanisms of 2-ME’s anti-prostate tumor activity and
possible clinical use in humans are clearly warranted.
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Abstract

1,25-(OH), vitamin D, (1,25-(OH), D), the active metabolite of vitamin D, exerts antiproliferative effects on a variety of tumor
cells including prostate. This inhibition requires vitamin D receptors (VDRs) as well as downstream effects on the G1 to S phase
checkpoint of the cell cycle. Recent data raise the possibility that androgen plays a role in the antiproliferative effects of
1,25-(OH), D in prostate cancer cells; however, this hypothesis has been difficult to test rigorously as the majority of prostate
cancer cell lines (unlike human prostate tumors) lack androgen receptors (ARs). We utilized two different models of androgen-in-
dependent prostate cancer that express functional ARs and VDRs to evaluate a possible role of androgen in 1,25-(OH), D
mediated growth inhibition. We stably introduced the AR c¢DNA into the human prostate cancer cell line ALVA 31, which
expresses functional VDR but is relatively resistant to growth inhibition by 1,25-(OH), D. Neither ALVA-AR nor the control
cells, ALVA-NEO, exhibited substantial growth inhibition by 1,25-(OH), D in the presence or absence of androgen. This
observation suggests that the basis for the resistance of ALVA 31 to 1,25-(OH), D-mediated growth inhibition is not the lack of
AR. The second model was LNCaP-104R1, an AR-expressing androgen independent prostate cancer cell line derived from
androgen dependent LNCaP. 1,25-(OH), D inhibited the growth of LNCaP-104R1 cells in the absence of androgen and this effect
was not blocked by the antiandrogen Casodex. As was observed in the parental LNCaP cells, this effect was correlated with G1
phase cell cycle accumulation and upregulation of the cyclin dependent kinase inhibitor (CKI) p27, as well as increased association
of p27 with cyclin dependent kinase 2. These findings suggest that the antiproliferative effects of 1,25-(OH), D do not require
androgen-activated AR but do involve 1,25-(OH), D induction of CKIs required for G1 cell cycle checkpoint control. © 2002
Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Androgen receptor; Cyclin dependent kinase inhibitor; p2]l WAFV/CIPL 597KIPL. Androgen independence; Vitamin D receptor
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as vitamin D response elements (VDRES) (reviewed in
Glass (1994)). Several established human prostate cancer

1,25-Dihydroxyvitamin D, (1,25-(OH), D), the active cell lines, as well as primary cultures of benign and
metabolite of vitamin D and a critical regulator of cancerous prostatic tissue, express functional VDRs and
calcium and phosphate homeostasis, also exerts impor- are growth inhibited by 1,25-(OH), D (Blutt et al., 1997a;
tant effects on cellular proliferation and differentiation M.lller et al., 1992, 1995; Schwartz et al., 1994; Skowron-
(reviewed in Bikle 1992, Feldman et al., 1997, Pols etal, ~ Ski et al., 1993; Zhuang et al, 1997, Zhuang and

1990, and Walters, 1992). 1,25-(OH), D activates the Burnstein 1998). However, the antiproliferative effects of
1,25-(OH), D in prostate cancer cells are extremely

variable, ranging from no effect in some cells to profound

growth inhibition in the LNCaP human prostate cancer
* Corresponding author. Tel.: + 1-305-243-5732; fax: + 1-305-243- cell line (Blutt et al,, 1997a; Miller et al., 1992, 1995;

4555. Schwartz et al., 1994; Skowronski et al., 1993; Zhuang
E-mail address: kburnste@miami.edu (K.L. Burnstein). et al., 1997; Zhuang and Burnstein 1998).

1. Introduction

vitamin D receptor (VDR), a ligand-dependent transcrip-
tion factor that binds cis-acting DNA sequences known

0303-7207/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. All rights reserved.
PIL: S0303-7207(01)00671-2
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Our previous studies established that inhibition of
LNCaP growth by 1,25-(OH), D correlates with accu-
mulation of cells in the G1 phase of the cell cycle and
hypophosphorylation of Rb, which is the major regu-
lator of the Gl-—S phase transition (Zhuang and
Burnstein 1998). 1,25-(OH), D treatment of LNCaP
cells results in a profound decrease in cyclin-dependent
kinase 2 (CDK2) activity, a transient increase in the
levels of the cyclin dependent kinase inhibitor (CKI)
p21WAFLCIPL and decreased transcriptional activity of
the E2F transcription factor family, which regulate the
expression of genes necessary for transition into S
phase (Zhuang and Burnstein 1998). In contrast, de-
spite the presence of higher levels of transcriptionally
active VDR compared to LNCaP cells, 1,25-(OH), D
had little effect on the growth of or cell cycle events in
ALVA3I1 cells (Zhuang and Burnstein 1998).

Because LNCaP cells are highly sensitive to growth
inhibition by 1,25-(OH), D and express androgen re-
ceptor (AR) while ALVA31 and several other prostate
cancer cell lines lack AR and are much less sensitive
to growth inhibition by 1,25-(OH), D, Zhao et al.
(1997) proposed that the antiproliferative effects of
1,25-(OH), D require androgen. It is well established
that LNCaP cells cultured in media devoid of andro-
gen (charcoal stripped serum, CSS) are not signifi-
cantly growth inhibited by 1,25-(OH), D (Miller et al.,
1992) whereas LNCaP grown in 10% serum are inhib-
ited (Blutt et al., 1997b; Zhao et al., 1997; Zhuang and
Burnstein 1998). However, when cells (grown in CSS)
were co-treated with 1,25-(OH), D and low (growth
promoting) concentrations of androgen, substantial
growth inhibition was observed. Further, the antian-
drogen Casodex abolished this growth inhibition
(Zhao et al., 1997). However, since LNCaP cells cul-
tured in CSS or Casodex exhibit significantly de-
creased proliferation rate (Esquenet et al., 1996; Zhao
et al., 1997), it is difficult to establish a role for andro-
gen in 1,25-(OH), D’s growth inhibitory effects in this
model.

1,25-(OH), D-mediated growth inhibition of two
newer human prostate cancer cell lines, MDA PCa-2a
and -2b, does not appear to involve androgen as addi-
tion of casodex has no effect (Zhao et al., 2000a).
However, these cell lines, which were derived from the
same bone metastasis, express mutated AR with very
poor affinity for androgen (Zhao et al., 1999, 2000b).
Thus, a potential role of androgen in 1,25-(OH), D-
mediated growth inhibition cannot be readily studied
in these cell lines.

In this study, we tested the capacity of 1,25-(OH),
D to inhibit the growth of AR-expressing, androgen-
independent prostate cancer cells. The two models of
androgen independent prostate cancer examined were
ALVA31 cells stably transfected with a human AR
cDNA (ALVA-AR, generated in this study) and a

derivative of LNCaP cells (LNCaP-104R1) that arose
after passaging cells for 2 years in the absence of
androgen (generously provided by Drs S. Liao and J.
Konkontis, Kokontis et al., (1994)). Because neither of
these models are dependent on androgen for prolifera-
tion and both express high affinity AR, these cell lines
are appropriate for addressing a potential role of an-
drogen and AR in 1,25-(OH), D-mediated growth in-
hibition. Further, both cell lines exhibit characteristics
of more aggressive, androgen independent prostate
cancer including relatively low levels of the CKlIs p21
and p27. Loss of p27 expression, in particular, corre-
lates with prostate cancer recurrence, a more aggres-
sive phenotype, and decreased patient prognosis and
survival (Cheng et al., 2000; Cote et al., 1998; Fernan-
dez et al., 1999; Guo et al., 1997; Tsihlias et al., 1998;
Yang et al., 1998).

Heterologous expression of functional, wild type AR
in ALVA3I cells did not, in the presence or absence of
androgen, confer enhanced sensitivity to 1,25-(OH),
D-mediated growth inhibition. In contrast, the andro-
gen independent LNCaP-104R1 cells were growth in-
hibited by 1,25-(OH), D in the absence of androgen.
This growth inhibition was accompanied by accumula-
tion of cells in the GI phase of the cell cycle, upregu-
lation of the CKI p27, and increased association of
p27 with CDK2., We also found in this study that
1,25-(OH), D-mediated growth inhibition of the
parental androgen dependent LNCaP cells is accompa-
nied by upregulation of p27 and increased association
of p27 with CDK2. Thus, a critical determinant of
growth regulation by 1,25-(OH), D is not the presence
of AR, but appears to be the capacity of 1,25-(OH),
D to regulate CKlIs, particularly p27, and thereby in-
hibit G1 to S progression.

2. Materials and methods
2.1. Materials

Cell culture media (RPMI-1640 and DMEM-H)
were obtained from Gibco-BRL (Gaithersburg, MD),
and fetal bovine sera (FBS) from Hyclone (Logan,
UT). 1,25-(OH), vitamin D; (1,25-(OH), D) was pur-
chased from BIOMOL Research Laboratories (Ply-
mouth Meeting, PA). Dihydrotestosterone (DHT,
So-androstan-17f-ol-3-one) was purchased from Ster-
aloids, Inc. (Wilton, NH). R1881 and [*H]R1881 were
obtained from Dupont-New England Nuclear (Boston,
MA). Mouse anti-actin antibody (1378 996) was ob-
tained from Boehringer Manheim (Indianapolis, IN).
Anti-human p21, p27, CDK2, protein A-agarose
beads, and anti-rabbit IgG and anti-mouse IgG anti-
bodies with HRP conjugate were purchased from
Santa Cruz Biotech (Santa Cruz, CA).
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2.2. Cell culture and stable transfection

LNCaP-104S (androgen dependent) and -104R1 (an-
drogen independent) cells were the generous gifts of
Drs Shutsung Liao and John Kokontis from the Uni-
versity of Chicago and were passaged and maintained
as previously described (Kokontis et al.,, 1994, 1998).
For LNCaP-104S cells, experiments were conducted in
RPMI-1640 media supplemented with 10% FBS, 100
IU/m! penicillin, 100 pg/ml streptomycin, and 2 mM
L-glutamine. For LNCaP-104R1 cells, experiments
were conducted in DMEM media supplemented with
10% CSS, 50 IU/ml penicillin, and 50 pg/ml strepto-
mycin. ALVA31 cells (Loop et al.,, 1993) were gener-
ously provided by Drs Stephen Loop and Richard
Ostenson (Department of Veterans Affairs Medical
Center, Tacoma, WA). ALVA3I cells stably expressing
a human AR cDNA (ALVA-AR) were generated es-
sentially as previously described (Dai et al, 1996).
Cells stably expressing the pcDNA3 vector alone
(ALVA-NEO) were also generated to serve as controls.
Briefly, cells were transfected with either the expression
vector alone or vector containing the human AR
c¢DNA using the calcium phosphate method followed
by glycerol shock. Following transfection, cells were
incubated overnight in RPMI-1640 media supple-
mented with 10% FBS. Cells were then plated in 96-
well plates at limiting dilution and neomycin-resistant
clones were selected in 350 pg/m! G418 (Geneticin, Life
Technologies). Approximately 2 weeks later, G418-re-
sistant cells were replated and screened for AR expres-
sion by whole-cell ligand-binding assay using tritiated
R1881. These cells were maintained in G418-containing
RPMI media supplemented as mentioned above. All
cultures were maintained at 37 °C in a humidified
atmosphere of 5% CO.,.

2.3. Assay of cell proliferation

Cells were plated at an initial density of 20000
(ALVA-NEO, ALVA-AR) or 55000 (LNCaP-104R1)
cells per well in 6-well dishes. These cells were plated at
different densities to prevent confluency during the
treatment period since ALVA31 cells and its sublines
proliferate more rapidly than LNCaP-104R1 cells. The
following day, cells were treated with either ethanol
vehicle, 10 nM 1,25-(OH), D, 10 nM R1881, or both
‘hormones. After the appropriate treatment period, cells
were washed with PBS, trypsinized, and counted using
a hemacytometer. For treatment periods greater than 3
days, cell culture media were changed after 3 days of
treatment and the appropriate hormone replenished.
Very few (< 1.5%) floating cells were observed at the
time of media change as well as at the time of harvest.
Experiments were performed in triplicate. The data
represent mean cell number + SEM.

2.4. Assay of cell viability

LNCaP-104R1 cells were plated at an initial density
of 55000 cells per well in 6-well dishes and treated for
2, 4, or 6 days with either ethanol vehicle or 10 nM
1,25-(OH), D in media containing 10% charcoal
stripped serum. Following the treatment period, cells
(both floating and adherent) were collected, stained
with trypan blue, and counted using a hemacytometer.
Floating cells account for < 1.5% of total cells (no
difference between control and vit D treated). Percent-
age dead cells is the number of floating and adherent
cells stained with trypan blue divided by the total
number of cells (stained and unstained) X 100%. The
experiment was performed in triplicate and the data
represent mean cell number + SEM.

2.5. Coimmunoprecipitation

Twenty-four hours after plating, LNCaP-104R1 cells
were treated with either ethanol vehicle or 10 nM
1,25-(OH), D for appropriate times. Next, cells were
lysed in sample buffer containing 50 mM Tris HCI (pH
8.0), 100 mM NaCl, 0.5% NP-40, 10 pg/ml aprotonin,
10 pg/ml leupeptin, 50 mM NaF, 0.1 mM sodium
orthovanadate. Extracts (1 mg protein) were incubated
with 1 pg rabbit polyclonal CDK2 antibody and agi-
tated for 3 h at 4 °C. Samples were then equilibrated
with lysis buffer and 25 ul packed volume of protein
A-agarose beads for 2 h at 4 °C with agitation. Fol-
lowing three washes with lysis buffer, immunocom-
plexes were eluted by boiling in 20 pl Laemmli gel
loading buffer. Samples were then subjected to Western
blot analysis.

2.6. Western blot analysis

Twenty-four hours after plating, cells were treated
with ethanol vehicle or 10 nM 1,25-(OH), D for appro-
priate times and then washed, trypsinized, and lysed in
sample buffer. Protein concentrations were determined
by the Bio-Rad D, Protein Assay (Bio-Rad, Hercules,
CA) according to the manufacturer’s instructions. 50
pg {(to detect p27, p21) of cell extract proteins were
subjected to standard SDS-PAGE and transferred to
nitrocellulose membrane filters. Filters were processed
for immunoblotting using standard procedures. Briefly,
filters were incubated overnight at 4 °C in blocking
solution (5% dry milk, 0.1% Tween in 1X wash buffer
(20 mM Tris, 50 mM NaCl, 2.5 mM EDTA)) followed
by incubation with the primary antibody for 1 h. Actin
antibody (Boehinger Mannheim, Indianapolis, IN) was
used at 0.5 pg/ml. p27, p21 and CDK2 antibodies were
used at 1.0 pg/ml. After washing, blots were incubated
with horseradish peroxidase-conjugated secondary anti-
body and proteins visualized using the ECL system




L]

72 E.S. Yang et al. / Molecular and Cellular Endocrinology 186 (2002) 69-79

(Amersham, Buckinghamshire, England) following the
supplier’s instructions.

2.7. Reporter plasmids and chloramphenicol
acetyltransferase assay

The reporter plasmid MOP VDRE-tkCAT (Zhuang
et al., 1997) contains two copies of the VDRE of the
mouse osteopontin (MOP) gene (Noda et al., 1990) 5
to the thymidine kinase (tk) promoter and chloram-
phenicol acetyltransferase (CAT) gene of the vector
PBLCAT2. The MMTV-CAT reporter plasmid con-
tains the mouse mammary tumor virus long terminal
repeat (MMTV-LTR) linked to CAT. Cells were trans-
fected with 5.0 pg CAT reporter plasmid (MMTV-CAT
or MOP VDRE-tkCAT) and 0.5 pg CMV-B-gal vectors
and treated with either ethanol vehicle or R1881 at
concentrations ranging from 0.01-100 nM for 48 h.
Following the treatment period, cells were washed,
collected, and lysed by four freeze-thaw cycles. B-galac-
tosidase activities were measured to normalize for
transfection efficiency. Cell extracts containing equiva-
lent amounts of B-galactosidase activities were assayed
for CAT activity as previously described (Dai et al.,
1996).

2.8. Flow cytometric analysis

LNCaP-104R1 cells were plated at = 20% confluency
in 60 mm dishes in DMEM supplemented with 10%
CSS and incubated overnight. The next day, cells were
treated with 10 nM 1,25-(OH), D or equal volume of
ethanol vehicle. Cells were cultured for either 2, 4, or 6
days (with medium change and re-treatment on day 4),
trypsinized, resuspended in medium, pelleted, and fixed
in 70% ethanol overnight at 4 °C with agitation. Cells
were then pelleted and stained with a propidium iodide
cocktail (1 mg/ml RNAse A, 50 pg/ml propidium io-
dide in PBS). Cell cycle profiles and distributions were
then determined by flow cytometric analysis of 5000
cells (2 days treatment) or 10000 cells (4 and 6 days
treatment) using the FACSCAN apparatus (Becton
Dickinson, San Jose, CA).

2.9. Radioligand binding assays

A single-point whole-cell monolayer binding assay
was performed as previously described (Dai et al., 1996)
to assess AR levels in ALVA3I cells stably transfected
with the AR cDNA. Briefly, cells were grown to near
confluence and incubated for 2 h with media containing
1 nM [PH]JR 1881 (specific activity 86.5 Ci/mmol) in the
absence or presence of 100 nM unlabeled R1881 to
determine total and nonspecific binding. Specific R1881
binding was calculated by subtraction of nonspecific
from total binding. Radioactivity was determined by

scintillation counting and protein concentration deter-
mined by the Bio-Rad D, Protein Assay (Bio-Rad,
Hercules, CA) according to the manufacturer’s
instructions.

2.10. Statistical analysis

Cell growth curve data were analyzed with either a
repeated measures one way ANOVA test followed by
either a Bonferroni’s or Dunnett’s multiple comparison
post-test (ALVA cells) or a two tailed unpaired 7-test
(LNCaP-104R1 cells) using GraphPad Prism version
3.00 for Windows (GraphPad Software, San Diego,
CA). Flow cytometric analysis of cell cycle distribution
data were analyzed with an unpaired, two-tailed ¢ test
also using GraphPad Prism version 3.00 for Windows.

3. Results

3.1. Introduction of AR into ALVA3I cells does not
confer 1,25-(0H), vitamin D3-mediated growth
inhibition

Since few models of AR-positive androgen-indepen-
dent prostate cancer exist, it has been difficult to evalu-
ate the role of AR in 1,25-(OH), D-mediated growth
inhibition in this later stage of the disease. To investi-
gate the possible interaction of AR and VDR signaling
pathways in the antiproliferative action of 1,25-(OH),
D, we introduced AR into ALVA 31 cells. ALVA 31
cells were chosen as these cells express higher levels of
functional VDRs than LNCaP cells yet are only mini-
mally growth inhibited by 1,25-(OH), D (Zhuang et al,,
1997; Zhuang and Burnstein 1998). ALVA31 cells were
stably transfected with an expression vector containing
the human AR ¢cDNA to generate ALVA-AR. Clonal
isolates were first screened for AR expression by West-
ern blot and hormone binding assays. ALVA-NEO
cells, which were transfected with the pcDNA3 vector
alone, served as a negative control. We selected a clone
hereafter termed ALVA-AR, in which AR protein was
readily detected by both methods. Single point binding
studies with tritiated R1881, a synthetic non-metaboliz-
able androgen analog, showed that ALVA-AR express
~ 60-80 fmol/mg protein of AR, which is about 1/4
the AR levels in LNCaP cells tested in the same exper-
iment (=~ 300 fmol/mg protein AR). To determine that
these cells expressed transcriptionally active AR, a re-
porter gene assay was performed using the androgen
responsive MMTV-LTR linked to the CAT gene (Fig.
1(A)). ALVA-AR (Fig. 1(A)) but not ALVA-NEO
(data not shown) exhibited dose-dependent AR tran-
scriptional activity similar to LNCaP and other AR
expressing cells (Kokontis et al., 1994, 1998; Zhao et
al.,, 1997, 2000a). We also confirmed the presence of
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functional endogenous VDR in ALVA-AR by reporter
gene assay using the MOP gene VDRE linked to CAT
(Fig. 1(B)). These experiments show that introduction
of AR into ALVA cells did not affect VDR transcrip-
tional activity. Since overexpression of AR in another
prostate cancer cell line, PC3, can result in androgen
repressible growth (Shen et al., 2000), we also examined
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Fig. 1. ALVA-AR cells express functional AR and VDR. ALVA 31
cells stably expressing the AR cDNA (ALVA-AR) or neo vector
alone (ALVA-NEO) were co-transfected with either the MMTV-CAT
(panel A) or the 2X-VDRE-CAT (panel B) reporter plasmids and
CMV-B-gal (containing the P-galactosidase gene) and treated with
various doses of R1881 (for MMTV-CAT) or with 10 nM 1,25-(OH),
D (2X-VDRE-CAT) for 48 h. Cell lysates containing equivalent

amounts of B-galactosidase activity were used for analysis of CAT

activity (shown in inset of panel A). Percentage conversion is the ratio
of acetylated '*C-chloramphenicol to the total acetylated and non-
acetylated '*C-chloramphenicol measured using a phosphorimager.
Panel A is representative of two experiments. Panel B is one experi-
ment conducted in duplicate.

androgen effects on ALVA-AR proliferation. R1881
(0.01-100 nM) had no significant effect on ALVA-AR
or ALVA-NEO proliferation (data not shown).

The studies above established that ALVA-AR ex-
press functional AR and VDR and are not growth
regulated by androgen (i.e. actively cycle in media
depleted of androgen). Thus, these cells are appropriate
for assessing the effect of androgen/AR on 1,25-(OH),
D-mediated growth inhibition. After 3 days of 10 nM
1,25-(OH), D treatment in the absence of androgen,
both ALVA-AR and ALVA-NEO cells were minimally
growth inhibited (Fig. 2 (A) and (B)) as was observed
previously for the parent ALVA31 cell line (Zhuang et
al., 1997; Zhuang and Burnstein 1998). The addition of
10 nM R1881 did not enhance this minimal 1,25-(OH),
D-mediated inhibition of ALVA-AR cells (Fig. 2(B)).
The time course was extended to 6 days and yielded
similar results (data not shown). TGF-B was used as a
positive control for growth inhibition of these cells (Fig.
2(A) and (B); Knight et al., manuscript in preparation).
Thus, in this model of androgen independent prostate
cancer, the lack of 1,25-(OH), D antiproliferative activ-
ity is not due to absence of AR.

3.2. Androgen independent LNCaP-104R1 cells do not
require androgen for 1,25(0H), vitamin D s-mediated
growth inhibition

LNCaP-104R1, an AR-expressing, androgen-inde-
pendent prostate cancer cell line, was derived by re-
peated passaging of LNCaP cells in the absence of
androgen (Kokontis et al., 1994, 1998). These cells,
unlike the parental LNCaP line, proliferate rapidly in
vitro in the absence of androgen and form tumors in
castrated nude mice (Umekita et al., 1996). However
similar to LNCaP cells, LNCaP-104R1 cells maintain
AR expression and secrete PSA in response to andro-
gen (Kokontis et al., 1994). '

We tested the effects of 1,25-(OH), D on the growth
of LNCaP-104R1 cells in the absence of androgen.
LNCaP-104R1 cells cultured in media supplemented
with charcoal-stripped serum (androgen depleted) were
= 77% growth inhibited after 6 days treatment with
1,25-(OH), D (10 nM) (Fig. 3). Growth inhibition was
observed after 2 and 4 days treatments as well (Fig. 3).
The extent of growth inhibition by 1,25-(OH), D is
comparable to that observed in LNCaP cells only when
LNCaP cells are cultured under conditions in which the
cells are actively cycling (media containing 10% serum)
(Zhuang et al., 1997; Zhuang and Burnstein 1998).
Since low levels of androgen could remain in the char-
coal stripped serum, we tested the effect of the antian-
drogen Casodex on 1,25-(OH), D-mediated growth
inhibition. Casodex had no effect confirming further
the assertion that the antiproliferative effects of 1,25-
(OH), D in LNCaP-R1 cells do not require androgen
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Fig. 2. Expression of functional AR in ALVA31 cells does not confer enhanced growth inhibition by vitamin D in the presence or absence of
androgen. ALVA-NEO (A) and ALVA-AR (B) cells were plated at an initial density of 20 000 cells per well in six-well dishes and treated for 3
days with ethanol vehicle, 5 ng/ml TGF-B (positive control for ALVA growth inhibition), 10 nM R1881, 10 nM 1,25-(OH), D, or both R1881]
and 1,25-(OH), D. Following the treatment period, cells were washed with PBS, trypsinized, and counted using a hemacytometer. Experiments
were performed in triplicate. The data were obtained from two experiments and correspond to the mean cell number &+ SEM. "P < 0.01 vs. control.

action (Fig. 3). Thus, androgen-independent prostate
cancer cells, at least as represented by the LNCaP-
104R1 model, do not require androgen for growth
inhibition by 1,25-(OH), D.

3.3. 1,25(0H), vitamin Ds-mediated growth inhibition
of LNCaP-104R]1 cells occurs through inhibition of G1
to S progression

Our previous studies showed that 1,25-(OH), D-me-
diated growth inhibition of LNCaP cells correlates with
accumulation of cells in the G1 phase of the cell cycle
but not with 1,25-(OH), D-mediated apoptosis (Zhuang
and Burnstein 1998). We first examined the effect of
1,25-(OH), D on cell viability. 1,25-(OH), D treatment
did not result in increased cell death as assessed by
trypan blue staining of total cells (floating and adher-
ent) (data not shown). Slightly increased cell death was
observed in 6 days vehicle treated cells, most likely due
to these cells reaching confluency at this time point.
Regardless of treatment, the number of floating cells
was always less than 1.5% of total cell number and
1,25-(OH), D did not influence the proportion of float-
ing cells (data not shown).

To determine whether 1,25-(OH), D-mediated
growth inhibition of LNCaP-104R1 is due to effects on
cell cycle distribution, we performed flow cytometric

analysis. 10 nM 1,25-(OH), D treatment of LNCaP-
104R1 cells cultured in androgen-depleted media re-
sulted in a significantly increased percentage of cells in
the Gl phase of the cell cycle as compared to the
ethanol vehicle treated controls (from 51 to 65% after 2
days, from 49 to 76% after 6 days) (Fig. 4(A) and (B)).
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Fig. 3. Vitamin D inhibition of LNCaP-104R] cell growth is indepen-
dent of androgen action. LNCaP-R1 cells were plated at an initial
density of 55000 cells per well in six-well dishes and treated for 2, 4,
or 6 days with either ethanol vehicle, 10 nM 1,25-(OH), D or
1,25-(OH), D plus | uM of the antiandrogen casodex in media
containing 10% charcoal stripped serum. Following the treatment
period, cells were washed, trypsinized, and counted using a hemacy-
tometer. Experiments were performed in triplicate. Data from three
experiments are shown and correspond to mean cell number + SEM.
"P < 0.005 vs. control.
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The percentage of 1,25-(OH), D treated cells in the S
and G2/M phases showed concomitant decreases.

3.4. 1,25(0H), vitamin D5 upregulates the cyclin
dependent kinase inhibitor p27 in LNCaP and
LNCaP-104R1 cells

The cyclin-dependent kinase inhibitors (CKlIs) p21
and p27 are pivotal in the regulation of G1 to S phase
transition, and play an important role in growth inhibi-
tion mediated by 1,25-(OH), D and vitamin D analogs
(Campbell et al., 1997; Zhuang and Burnstein 1998). In
particular, recent data show that low levels of p27
predict more aggressive prostate cancer and poorer
prognosis (Cheng et al., 2000; Cote et al., 1998; Fernan-
dez et al., 1999; Guo et al., 1997, Yang et al., 1998).
Because of the emerging role of p27 in controlling
prostate cancer growth, we investigated 1,25-(OH), D
regulation of this CKI in both LNCaP and LNCaP-
104R1 cells. 1,25 D treatment for 2 or 4 days results in
up-regulation of p27 levels in both LNCaP (serum
containing media) and in LNCaP-104R1 (charcoal-
stripped serum containing media) cells but not the
ALVA-NEO/AR cells (Fig. 5).

We previously showed that p21 is transiently upregu-
lated in LNCaP cells treated with 1,25-(OH), D
(Zhuang and Burnstein, 1998). In contrast, p21 was not
consistently induced by 1,25-(OH), D in LNCaP-104R1
cells (data not shown). Also, similar to the findings in
LNCaP, 1,25-(OH), D did not regulate the expression
of other G1 regulatory proteins, including CDK2 and
cyclins D and E (data not shown). Together, these
results further suggest that CKI induction by 1,25-
(OH), D (p21 and p27 in LNCaP, p27 in LNCaP-
104R1) is important for growth inhibition.

3.5. 1,25(0H), vitamin D, treatment results in
increased association of p27 with cyclin dependent
kinase 2

We previously showed that 1,25-(OH), D inhibited
CDK2 activity by ~ 80% in LNCaP cells (Zhuang and
Burnstein 1998). Since both p21 and p27 can inhibit
CDK2 activity by associating with CDK2/cyclin com-
plexes, we determined the effect of 1,25-(OH), D treat-
ment on the amount of these CKIs bound to CDK2 in
LNCaP and LNCaP-104R1 cell lysates. Whole cell
extracts were immunoprecipitated with CDK2 antibody
and the composition of the complexes was probed by
immunoblotting using p27 and CDX2 antibodies. Con-
sistent with induction of p27 levels by 1,25-(OH), D in
LNCaP and LNCaP-R1 cells (Fig. 5), we observed
increased association of this CKI with CDK2 in both
cell lines after 1,25-(OH), D treatment (Fig. 6). The
kinetics of this increased association correlate with the
kinetics of CKI upregulation in these cells, namely p27
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Fig. 4. Vitamin D treatment of LNCaP-104R1 cells results in accu-
mulation of cells in the G1 phase of the cell cycle. Cells were plated
in 60 mm dishes and treated with either ethanol vehicle or 10 nM
1,25-(0OH), D for 2 days (A) or 6 days (B). Cells were fixed in 70%
ethanol and stained with propidium iodide. Cell cycle profiles and
distributions were then determined by flow cytometric analysis of
5000 cells (2 days treatment) or 10000 cells (6 days treatment). The
experiment shown is representative of two experiments. The data
shown here are mean percentage cell population + SEM in the G1, S,
or G2/M phases of the cell cycle. Note graph scale differences
between untreated and treated groups. "P < 0.01 vs. control, "P <
0.001 vs. control.
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Fig. 5. Vitamin D upregulates the cyclin-dependent kinase inhibitor p27 in LNCaP and LNCaP-104R1 but not ALVA-AR cells. LNCaP,
LNCaP-104R1, and ALVA-AR cells were treated with 10 nM 1,25-(OH), D for the indicated times. 50 pg of cell extract proteins were
immunoblotted with p27 antibody, and visualized by ECL. Actin was also analyzed as a loading control. The data shown here is representative

of three experiments.

is induced by 1,25-(OH), D after 2 days of treatment
(Fig. 5). CDK2 levels were not altered by 1,25-(OH), D
treatment in either cell line (data not shown). Thus, this
increased association of p27 with CDK2 provides a
basis for G1 accumulation in response to 1,25-(OH), D.
These experiments establish further the importance of
CKI regulation in the antiproliferative action of 1,25-
(OH),.

4. Discussion

This study examined the potential role of androgen/
AR in the antiproliferative effects of 1,25-(OH), D in
prostate cancer cells. Because most androgen indepen-
dent prostate cancer cell lines lack AR and because of
the difficulty assessing a possible role of AR in the
antiproliferative effects of 1,25-(OH), D in cells that
depend on androgen for growth, we utilized two new,
AR and VDR-expressing androgen independent
prostate cancer models, ALVA-AR and LNCaP-
104R1. These models allowed us to focus on some of
the relevant characteristics of androgen-independent
prostate cancer in relation to 1,25-(OH), D action.
First, most prostate cancer specimens maintain AR
expression regardless of androgen sensitivity (reviewed
in Amanatullah et al., 2000). Both ALVA-AR and
LNCaP-104R1 cells express functional AR as well as
VDR (Fig. 1, Kokontis et al., 1994, 1998; Zhuang et al.,
1997). Second, as models of androgen independent
prostate cancer, these cell lines are considered to have a
more aggressive phenotype. Neither cell line requires
androgen for growth (Kokontis et al., 1994, 1998; Loop
et al., 1993; Umekita et al., 1996 and data not shown).
ALVA3I1 cells, the parent cells of ALVA-AR, form
tumors in castrated athymic mice more readily than the
less aggressive LNCaP cells (Loop et al., 1993). In
contrast to LNCaP, LNCaP-104R1 cells proliferate
rapidly in media devoid of androgen and also form
tumors in castrated athymic mice (Kokontis et al.,
1994, 1998; Umekita et al., 1996). In addition, both cell
models express lower levels of the CKIs p21 (data not
shown) and p27 (Fig. 5) compared to the less aggressive

LNCaP cells. These features allowed us to test the issue
of androgen’s role in 1,25-(OH), D-mediated growth
and cell cycle inhibition.

We found that ALVA-AR, like the parent cell line
ALVA3]1, was relatively resistant to growth inhibition
by 1,25-(OH), D even in the presence of androgen. The
lack of growth inhibition by 1,25-(OH), D was not due
to loss of VDR as ALVA-AR retained transcriptionally
active VDR (Fig. 1(B)). Thus in this model, AR is not
a defining factor in the antiproliferative effects of 1,25-
(OH), D. In a second model of androgen independence,
LNCaP-104R1, 1,25-(OH), D inhibited proliferation
(Fig. 3). These effects did not require androgen and
were not blocked by the antiandrogen casodex (Fig. 3).
Sincé casodex did not infiuence this 1,25-(OH), D-me-
diated growth inhibition, it is unlikely that AR had a
role due to receptor activation by very low levels of
androgen or as a result of ligand-independent mecha-
nisms (Hobisch et al., 1998; Nazareth and Weigel 1996;
Sadar 1999; Sadar and Gleave 2000).

Similar to the androgen dependent parent cell line,
LNCaP, growth inhibition of LNCaP-R1 cells by 1,25-
(OH), D involved accumulation of cells in the G1 phase
of the cell cycle. The mechanism for this inhibition of
both cell lines involves 1,25-(OH), D induction of p27
levels and increased p27 association with CDK2 (Figs.
5 and 6). p27 was not induced by 1,25-(OH), D in
ALVA31 cells (Fig. 5). Thus, p27 induction appears to
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Fig. 6. Vitamin D increases the association of p27 with CDK2 in
LNCaP and LNCaP-104R1 cells. Following 1,25-(OH), D treatment,
whole cell extracts were incubated with CDK2 antibody. Immuno-
complexes were then obtained using protein A-agarose beads. Sam-
ples were immunoblotted with p27 and CDK2 antibody, and
visualized by ECL. Blotting for CDK2 showed that equivalent
amounts were present in the immunoprecipitates. The data shown
here is representative of two experiments.
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be a critical determinant of 1,25-(OH), D’s antiprolif-
erative effects whereas AR signaling is not sufficient.

Consistent with the involvement of cell cycle regula-
tory mechanisms, 1,25-(OH), D-mediated growth inhi-
bition requires that cells are actively cycling. The
doubling time of the androgen dependent LNCaP cells
in CSS (androgen deprived) increases from 1.5 to 6
days (Zhao et al., 1997) and this correlates with the
loss of sensitivity to 1,25-(OH), D growth inhibition
after 6 days of treatment. The addition of the antian-
drogen Casodex also increases the doubling time of
LNCaP cells (Zhao et al., 1997). Since the experimen-
tal conditions in which 1,25-(OH), D is not effective
(absence of androgen) have also been shown to sub-
stantially decrease the basal rate of cell cycling, the
role of androgen in 1,25-(OH), D mediated growth
inhibition cannot be assessed in this model.

ALVA3I cells, despite containing the highest VDR
content of the established prostate cancer cell lines
(Miller et al., 1995; Zhuang et al., 1997), are relatively
insensitive to 1,25-(OH), D-mediated antiproliferative
effects compared to LNCaP and LNCaP-R1 cells
(Zhuang et al., 1997; Zhuang and Burnstein 1998 and
Figs. 2 and 3). ALVA3I cells have very low levels of
p21 and p27 compared to LNCaP cells, and 1,25-
(OH), D fails to upregulate these CKIs (Zhuang and
Burnstein 1998, Fig. 5). However, TGF-f, which we
used as a positive control for ALVA 31 (ALVA-NEO
and ALVA-AR) cell growth inhibition, upregulated
the CKIs p21 and p27 and resulted in G1 accumula-
tion of ALVA 31 (Knight et al., manuscript in prepa-
ration). The deficiency in ALVA 31 cells may be
within the complex pathway(s) of VDR regulation of
target gene transcription or at a point downstream
such that CKIs are not induced by 1,25-(OH), D.,.
However, these CKlIs can be induced by other factors.
Another possibility for the failure of 1,25-(OH), D to
inhibit ALVA-AR cells is insufficient levels of AR.
ALVA-AR express approximately one-fourth the levels
in LNCaP cells. However, we observed robust tran-
scriptional activation by AR in these cells (Fig. 1(A))
and no difference in 1,25-(OH), D effects on ALVA-
AR compared to ALVA-NEO growth (Fig. 2) suggest-
ing that lower levels of AR are unlikely to be the basis
for the resistance of these cells to 1,25-(OH), D-medi-
ated growth inhibition.

Although 1,25-(OH), D promotes G1 accumulation
of both LNCaP and LNCaP-R1, p21 levels are only
induced in LNCaP (Zhuang and Burnstein 1998) and
not in LNCaP-R1 cells (data not shown). The basis
for the lack of p21 induction by 1,25-(OH), D in
LNCaP-R1 cells is not known; however, p21 appears
to play a lesser role in the antiproliferative actions of
1,25-(OH), D. Our previous report showed that p21
induction in LNCaP cells is transient (Zhuang and
Burnstein 1998). Further, p2l can also stimulate

CDK4 activity by promoting assembly of CDK4/cy-
clin D complexes (LaBaer et al, 1997, Sherr and
Roberts 1999). It is postulated that androgen’s growth
promoting effects in LNCaP and its androgen-inde-
pendent derivative LNCaP-Al may be mediated in
part by induction of p21 (Lu et al., 1999). Since 1,25-
(OH), D induces p27 levels in both LNCaP and LN-
CaP-R1 cells, which is reflected in increased p27
association with CDXK2, it is likely that p27 has a
more dominant role in 1,25-(OH), D inhibition of cell
cycle progression.

In this report, we have shown that 1,25-(OH), D
can, in the absence of androgen, inhibit the growth of
LNCaP-104R1 cells. These cells resemble clinical an-
drogen-independent cancer in that they express AR
and PSA and exhibit a more aggressive phenotype. In
addition, we have found that the mechanism of inhibi-
tion by 1,25-(OH), D for both LNCaP-R1 and the
parent LNCaP is Gl cell cycle accumulation involving
upregulation of the CKI p27, and increased associa-
tion of p27 with CDK2. This mechanism of action not
only requires the cells to be cycling but also depends
on intact signaling between VDR and the cell cycle
regulators and therefore may limit chemotherapeutic
potential of 1,25-(OH), D. However, in the absence of
this control, 1,25-(OH), D may be useful in conjunc-
tion with other agents (Qadan et al., 2000).
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‘ Abstract

Transgenic mouse models of prostate cancer provide unique opportunities to understand the
molecular events in prostate carcinogenesis and for the preclinical testing of new therapies. We
studied the GyT-15 transgenic mouse line, which contains the human fetal globin promoter
linked to SV40 T antigen (Tag) and which develops androgen-independent prostate cancer.
Using immunohistochemistry of normal mouse prostates before tumor formation, we showed that
the target cells of carcinogenesis in GyT-15 mice are located in the basal epithelial layer. We
tested the efficacy of the 1,25(OH),D, analog, EB 1089, to chemoprevent prostate cancer in these
transgenic mice. Compared to treatment with placebo, treatment with EB 1089 at three different
time points before the onset of prostate tumors in mice did not prevent or delay tumor onset.

| However, EB 1089 significantly inhibited prostate tumor growth. At the highest dose, EB1089
inhibited prostate tumor growth by 60% (P = 0.0003) and the number of metastases, although
this dose also caused significant hypercalcemia and weight loss. We conducted several in vitro
experiments to explore why EB 1089 did not prevent the occurrence of the primary tumors.

EB 1089. significantly inhibited the growth of a Tag-expressing human prostate epithelial cell
line, BPH-1, and an androgen-insensitive subline of LNCaP cells (which was not inhibited by
1,25(0H),D,). Thus, neither Tag expression nor androgen insensitivity explain the absence of
chemopreventive effect. Conversely, neither 1,25(0OH),D; nor EB 1089 inhibited the growth of
the normal rat prostate basal epithelial cell line, NRP-152. It is likely that EB 1089 was not
effective in delaying the growth of the primary tumor in GyT-15 transgenic mice because the

target cells of carcinogenesis in these mice are located in the basal epithelial layer. We conclude




that GyT-15 transgenic mice are a useful model for testing vitamin D-based therapies in
androgen-insensitive prostate cancer but are not suitable for studies of vitamin D-based
chemoprevention. The superiority of EB 1089 over 1,25(0H),D; in the growth suppression of
androgen-insensitive prostate cancer cells supports the use of EB 1089 in androgen-insensitive

prostate cancer.



Introduction

Androgen-independent prostate cancer (AIPC)® is the second leading cause of cancer death in
American men (1). Men with cancer that has spread beyond the prostate typically undergo
androgen deprivation for palliation. However, the average duration of response to androgen
deprivation is only two years, and there are no effective therapies for androgen-independent
disease (2). Thus, effective treatments for AIPC are urgently needed.

In addition to their responsiveness to androgens, prostate cancer cells respond to another
member of the steroid hormone superfamily, 1,25(0OH),D, (calcitriol). The therapeutic use of
vitamin D metabolites is supported by epidemiological studies which first suggested that
1,25(0OH),D, maintains the differentiated phenotype of prostate cells and that reduced serum
levels of 1,25(0OH),D; or its precursor, 25-hydroxyvitamin D;, permits the progression of
preclinical prostate cancer to clinical disease (3-6). Vitamin D receptor (VDR) is expressed in
most prostate cancer cell lines, and high levels are necessary to mediate the antiproliferative
effects in fitro (7). However, factors other than VDR density are also important in mediating the
antiproliferative effect. For example, the androgen-dependent cell line LNCaP is more sensitive
to 1,25(0OH),D, compared to the androgen-independent P‘C-3 and DU 145 prostate cancer cell
lines, and these differences are not solely attributable to differences in VDR levels (8).

A phase II clinical trial in AIPC showed that 1,25(0OH),D; could lower serum PSA levels
in some men (9). However, treatment with 1,25(OH),D, causes significant hypercalcemia and/or
hypercalciurea (10). Synthetic analogs of 1,25(OH),Ds, such as EB 1089 (Seocalcitol) (11), with

potent antiproliferative effects but reduced calcemic effects, can inhibit androgen-independent




PC-é prostate cancer cells in vitro (12, 13). EB 1089, acting through VDR, has a similar cell
growth inhibition mechanism as 1,25(0OH),D,, but with longer lasting and stronger effects. In
LNCaP cells, EB 1089 inhibits the growth of prostate cancer cells by inducing G1 cell cycle
block in vitro and has been shown to inhibit tumor growth in vivo without producing
hypercalcemia (14, 15). In addition, a recent comparison of EB 1089 and 1,25(OH),D; treatment
in the MATLyLu model of advanced AIPC showed that EB 1089 was as effective as
1,25(0OH),D; in inhibiting metastases but was significantly less calcemic (16). These results
suggest that EB 1089 may offer a therapeutic option in AIPC.

In addition to its therapeutic uses, vitamin D and its analogs may be candidates for
prostate cancer chemoprevention (17). The rationale for the use of vitamin D metabolites in
chemoprevention is that vitamin D may maintain the differentiated phenotype of prostatic cells
and delay or reverse the carcinogenic process before invasion and metastasis occur (5, 18).
Testing these hypotheses in animals ideally requires models in which the cancer originates from
normal prostate epithelial cells in their natural microenvironment and progresses through
multiple stages, similar to human prostate cancer (19, 20). One study using the Lobound-Wistar
rat model of urogenital cancer showed that treatment with the less calcemic 1,25(0OH),D, analog
Ro024-5531 resulted in a limited chemoprevention effect (21).

Recently, the advent of several transgenic mouse models of prostate cancer that target the
expression of SV40 Tag to specific prostate epithelial cells, have provided more suitable systems
to test the chemoprevention and therapeutic potential of drugs (20, 22). The present study utilized
Gy/T-15 transgenic mice (23, 24) to test the efficacy of EB 1089 in the prevention of tumor onset

and in the growth inhibition of AIPC. Unlike transgenic models utilizing prostate-specific




promoters to target Tag to the prostate epithelial cells, the Gy/T-15 transgenic mice utilize the
fetal Gy-globin gene promoter (25). The progression of prostate cancer in 75% of the transgenic
males has important similarities to the progression of prostate cancer in men, e.g., originating
from high-grade PIN and progressing to advanced metastatic carcinomas. These tumors are
clearly androgen-independent because castration of transgenic males before prostate tumor
formation still results in the development of prostate tumors (24). Although Tag is not the cause
of prostate cancer in men, the Gy/T-15 transgenic mice serve as a model of an aggressive highly

metastatic form of AIPC, which is the cause of virtually all deaths from prostate cancer in men.

Materials and Methods

Reagents. EB 1089 was synthesized by Leo Pharmaceuticals (Ballerup, Denmark). EB 1089 was
used as a stock solution of 100 pg/ml in Solutol H15 (10 mg/ml), 7.7 mg/ml sodium phosphate
dibasic anhydrous, 1 mg/ml sodium phosphate monobasic anhydrous, 2.8 mg/ml sodium
chloride, and 10 mg/ml sodium ascorbate and stored in the dark at +4°C. 1,25(OH),D, obtained

from Biomol (Plymouth Meeting, PA) was dissolved in ethanol and stored in the dark at -20°C.

Immunohistochemistry. Our previous results showed that onset of prostate tumors in Gy/T-15
transgenic mice occurs between 16 and 32 weeks of age (24). To identify the target cells of
carcinogenesis, prostates from Gy/T-15 transgenic mice (14-32 weeks old; n = 10) without
palpable or visible tumors were removed at necropsy, fixed in 10% buffered formalin for 6 hours,
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dehydrated, embedded in paraffin, and sectioned at 5 pm. Immunostaining for Tag was
performed as previously described (26) using a 1/100 dilution of rabbit polyclonal antibody to
Tag. The secondary antibody was a biotinylated goat anti-rabbit IgG. Specific color was
developed with the Vector ABC kit (Zymed Laboratories Inc., South San Francisco, CA) and

enhanced with DAB-Nickel chloride; the sections were counterstained with nuclear fast red.

Treatment of Gy/T-15 Transgenic Males with EB 1089. We utilized the Gy/T-15 transgenic
mouse model of AIPC (23, 24) to assess the in vivo anti-tumor effect of EB 1089. These mice
begin to develop prostate tumors by 16 weeks of age (24). At 11 weeks, 3 of 4 transgenic males
expressed Tag mRNA in the prostate as determined by RPA (data not shown). For this reason,
we chose 3 different treatment starting time points (14, 11, and 9 weeks) before tumor onset to
test the ability of EB 1089 to chemoprevent prostate? tumors. Transgenic mice (CBA x C57) were
identified by DNA slot blot analysis as previously described (24). Transgenic male mice (14, 11,
and 9 weeks of age) without palpable tumors were randomly divided into experimental and
control groups and injected i.p. three times per week with 0.1 ml of freshly prepared EB 1089 at
doses 0f 0.5, 2, 3, 4, 5, and 10 pg/kg body weight (BW) diluted in Solutol H15 or placebo control
(Solutol HlSj. Mice were kept in a 12-hour day/night cycle and fed a normal rodent diet
containing 0.95% calcium and 4.5 IU/g vitamin D, (Laboratory Rodent Diet 5001, PMI Nutrition
International, Richmond, IN). Starting at 16 weeks, mice were palpated in the urogenital area 3
days per week to detect prostate tumor mass. Endpoints were 21 days after first detecting
palpable prostate tumor mass or at 24 weeks of age. The percentage of mice that developed

prostate tumors by 24 weeks of age and the average age when tumors were first detected by




palpation (age of onset) were determined for each EB 1089 dose group at 14, 11, and 9 weeks
and compared with placebo controls. Mice without a palpable prostate tumor at the 24-week
endpoint but with a visible tumor nodule upon dissection of the prostate (usually weighing 25-
100 mg) were considered positive for prostate tumor formation. All animal studies were carried
out with the approval of the Institutional Animal Care and Use Committee at the Miami VA
Medical Center (AAALAC accredited) and conducted in accordance with the NIH Guidelines for

the Care and Use of Laboratory Animals.

Prostate Tumor Weight, Serum Calcium, and Body Weight. Twenty-one days after prostate
tumors were first detected by palpation, EB 1089- and placebo-treated mice were anesthetized,
their blood was collected by cardiac puncture, and centrifuged, and the sera were frozen and
stored at ~80°C. Primary prostate tumors and visible metastases to lymph nodes, adrenal glands,
or kidney were removed, and their wet weights determined. Serum calcium was mgasured by dry
slide technology on an automated Kodak Ektachem 700XR clinical chemistry analyzer
(Rochester, NY). The body weight for EB 1089- and placebo-treated mice was determined at the
end of the study. Statistical differences in the wet weights of primary tumor and total metastases,
serum calcium, and final body weight between EB 1089- and placebo-treated mice were

determined using two-tailed Student’s #-test.

VDR mRNA Expression by RT-PCR and RPA. RNA from mouse prostate, kidney, and Gy/T-
15 prostate tumor tissue was isolated by the LiCl-urea method (27) and treated with RNase-free

DNase. The following DNA oligonucleotides synthesized by Operon Technologies (Alameda,
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CA) were used for RT-PCR to detect VDR mRNA in mouse prostate and Gy/T-15 prostate
tumor RNA: forward, 5'-GAGTTCTTTTGGTTGGACA-3'; reverse, 5'-
CAGCCTTCACAGGTCATA-3' (28). Conditions for RT-PCR were: 2 min at 94°C for 1 cycle;
1 min at 94°C, 1 min at 55°C, and 2 min at 72°C for 35 cycles; 7 min at 72°C for 1 cycle. The
expected 209-base-pair (bp) fragment from mouse prostate was cloned into the TA vector pCRII
(Invitrogen, Carlsbad, CA), and its identity was confirmed by DNA sequencing. VDR mRNA in
mouse kidney, prostate, and Gy/T-15 prostate tumor was measured by RPA with **P-labeled Sp6
polymerase-synthesized antisense RNA probe from EcoRV-digested mouse VDR/PCRII DNA,

using conditions previously described (23).

VDR and AR Western Blot Analysis. Nuclear extracts from mouse (C57) prostate and kidney
and from Gy/T-15 prostate tumors were prepared according to the procedure of Dent and
Latchman (29), and protein concentrations were determined with the Bio-Rad protein assay (Bio-
Rad Laboratories, Hercules, CA). After separation of 10 pg protein by SDS-PAGE, proteins were
transferred by electrophoresis to Immobilon-P membrane (Millipore Corp., Bedford, MA) and
incubated in 5% nonfat dry milk, PBS, and 0.25% Tween-20 for 1 hour. Rabbit polycloﬁal
antibodies specific for VDR (1/1000 dilution; C-20, Santa Cruz Biotechnology, Santa Cruz, CA)
and AR (1/1000 dilution; N-20, Santa Cruz Biotechnology) were diluted in 5% nonfat dry milk,
PBS, and 0.25% Tween-20 and incubated overnight at 4°C. Membranes were washed in PBS and
0.25% Tween-20 (three times, 10 min each time) and incubated with horseradish peroxidase-
conjugated secondary antibody (anti-rabbit; 1/2000 dilution; Santa Cruz Biotechnology) for 1

hour, washed in PBS and 0.25% Tween-20, and analyzed by exposure to X-ray film (X-Omat,



Eastman Kodak Co., Rochester, NY) using enhanced chemiluminescence plus (ECL plus,

Amersham Pharmacia Biotech, Arlington Heights, IL).

Cell Culture and Treatment with 1,25(OH),D; and EB 1089. LNCaP-Al is an androgen-
independent derivative of the human prostate cancer cell line LNCaP-FGC (30) (ATCC,
Manassas, VA), which was spontaneously derived in our laboratory. These cells express AR and
PSA, similar to LNCaP-FGC (data not shown). LNCaP-Al cells were maintained in RPMI 1640
(Gibco BRL) with 5% fetal bovine serum (FBS; Hyclone, Logan, UT), 100 U/ml penicillin, 100
pg/ml streptomycin, and 0.25 pg/ml amphotericin (Gibco BRL). Unlike androgen-dependent
LNCaP-FGC, the LNCaP-Al cells are able to grow long-term in RPMI 1640 with 5% charcoal-
stripped fetal bovine serum (Hyclone) and are referred to as LNCaP-AI/CSS. The Tag-expressing
human prostate epithelial cell line BPH-1, generously provided by S. Hayward, was maintained
in RPMI 1640 with 5% FBS (31). The normal rat prostate basal epithelial cell line NRP-152,
generously provided by D. Danielpour, was maintained in HEPES-free DMEM/F12 (1:1, v/v;
Gibco BRL) with 5% FBS, antibiotic/antimycotic, 20 ng/ml EGF, 10 ng/ml CT, 5 pg/ml insulin
(Gibco BRL), and 0.1 pM Dex (Sigma, St. Louis, MO) (32).

To determine and compare prostate cell growth inhibition by 1,25(0OH),D, and EB 1089,
7.5 x 10* LNCaP-AI/CSS, 0.75 x 10* BPH-1, and 1.5 x 10* NRP-152 cells were seeded in 6-
well plates in their corresponding media containing 5% FBS and allowed to attach overnight. The
next day, fresh media containing 1,25(OH),D, or EB 1089 (1 and 10 nM) or ethanol vehicle
control (0.1% total volume) were added. After 3 days, the medium was changed and replenished.

On the sixth day cells were removed by trypsin-EDTA (Gibco BRL), and viable cells were
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counted with a Neubauer hemacytometer. In all the experiments, the control treated cells reached
80-90% confluency after 6 days of growth and were presumed to be in a log growth phase. Cell
numbers in each experiment were derived from the average value of quadruplicate wells repeated
three independent times and calculated as percentage of vehicle control. Statistical differences
between 1,25(0OH),D;- and EB 1089-treated and control cells were determined by two-tailed

Student’s ¢-test.

Results

Localization of Tag-Expressing Cells to the Basal Epithelial Layer of Transgenic Prostates.
Although our previous results in the Gy/T-15 transgenic mice suggest that the targeted prostate
cells are androgen-independent (24), the location of the Tag-expressing target cells before tumor
formation was not identified. To localize putative target cells, prostates without visible tumors
were analyzed for Tag expression. Results showed areas of preneoplastic foci similar to high-
grade PIN and dysplasia containing epithelial cells expressing Tag surrounded by normal-
appearing prostate (Fig. 1). In these latter areas, isolated dispersed Tag-expressing cells were
identified only in the basal epithelial layer. In proliferating areas, Tag-expressing cells were seen
producing an elevation of the surface layer into and filling the prostatic lumen (Fig. 1C, D).

These results indicate that the target cells of carcinogenesis in Gy/T-15 are located in the basal

epithelial layer.

11




VDR Expression in Advanced Gy/T-15 Prostate Tumors. It has previously been shown that
1,25(0H),D, does not inhibit the proliferation of prostate cancer cells that do not express VDR
(7). Although we detected VDR mRNA in Gy/T-15 prostate tumors by RT-PCR, we were unable
to detect VDR mRNA by RPA and VDR protein by Western blot analysis (Fig. 2). As positive
controls, VDR mRNA was detected in mouse kidney and VDR protein was detected in normal
mouse prostate and kidney. In contrast to VDR expression, abundant amounts of AR protein

were detected in advanced Gy/T-15 prostate tumors (Fig. 2C). These results indicate that not all

steroid hormone receptors are lost during prostate tumor progression in Gy/T-15.

Can EB 1089 Prevent or Delay Prostate Tumors in Gy/T-15 Mice? Gy/T-15 mice express Tag
mRNA in the prostate at 11 weeks (data not shown) and start developing prostate tumors by 16
weeks of age (24). We chose three different treatment starting time points (14, 11, and 9 weeks)
before tumor onset to test the ability of EB 1089 to chemoprevent or delay the onset of prostate
tumors in Gy/T-15 mice. Our results showed that EB 1089 treatment (0.5,2,3,4,5,and 10
ng/kg) starting at 14 weeks did not prevent or delay tumor onset compared to placebo-treated
mice (Table 1). The percentage of mice at 24 weeks that developed prostate tumors and the
average age of tumor onset were not significantly different between any of the EB 1089 treatment
groups compared to placebo-treated mice. Similar results were obtained when EB 1089 treatment
started at 11 weeks (0.5, 2, 3, and 4 pg/kg) and at 9 weeks (2 pg/kg) (Table 1). Overall, 86% of
EB 1089-treated (n = 116) compared to 94% of placebo-treated (n = 31) mice developed prostate
tumors by 24 weeks of age, indicating that EB 1089 did not prevent or delay the onset of prostate

tumors in the Gy/T-15 transgenic mice.
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Can EB 1089 Slow the Growth of Primary and Metastatic Prostate Tumors in Gy/T-15
Mice? We next sought to determine whether EB 1089-treated mice in the 14, 11, and 9 week
groups have smaller prostate tumors compared to placebo-treated mice. Twenty-one days after
first detecting a palpable mass in the urogenital region, primary prostate tumors and metastases to
lymph nodes, adrenal glands, and kidney were removed and their wet weights determined.
Results showed that in the 14-week group, compared to placebo-treated mice, there was a
significant 30-60% reduction in the weight of primary prostate tumors using EB 1089 doses of 4,
5, and 10 pg/kg (Fig. 3A). There was a significant decrease in the number of metastases in mice
treated with 10 pg/kg EB 1089 compared to placebo controls (0.8 vs.1.9 metastases per mouse;
Table 2) but no differences in the sites of metastasis (lymph nodes, adrenal, and kidney) in any of
the treatment groups. There was no significant difference in the weights of metastatic prostate
tumors (Fig. 3B). As expected, there was a significant increase in serum calcium and decrease in
body weight with increasing EB 1089 doses (Fig. 3C, D). Because mice treated with EB 1089
lost body weight, we performed an analysis of covariance to determine whether the observed

decrease in tumor weight could be accounted for by the decrease in overall body weight.

- ANCOVA indicated that the decrease in tumor weight was independent of the loss in body mass

(p<0.01).

Because of the concern that long-term treatment with high doses of EB 1089 (>4 nug/kg)
could result in hypercalcemia and loss of body weight, we treated Gy/T-15 transgenic mice in the
11- and 9-week groups with lower doses of EB 1089. The results showed that there were no
significant differences in the weights of primary and metastatic prostate tumors and in the

number of metastases for all EB 1089 doses in the 11-(0.5, 2, 3 and 4 pg/kg) and 9-(2 pg/kg)
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week groups (Figs. 4, 5; Table 2). Overall, our results indicate that high doses of EB 1089 (4, 5,
and 10 pg/kg) had a significant anti-prostate tumor effect in the 14-week group of Gy/T-15

transgenic mice.

Tag-Expressing Prostate Cells Are Inhibited by EB 1089. Why did EB 1089 inhibit the
growth of prostate tumors but not prevent or delay their occurrence? One possible explanation is
that expression of Tag blocks EB 1089's antiproliferative effect. A previous report showed that
when human prostate cancer cells are transformed with Tag, but not human papillomavirus, the
result is a loss of growth inhibition by 1,25(0OH),D; (33). Preliminary experiments showed that
mouse cell lines derived from Gy/T-15 prostate tumors were growth inhibited by 1,25(OH),Ds,
despite expression of Tag (data not shown). To address this issue further, we compared the
antiproliferative effects of 1,25(0H),D, and EB 1089 utilizing the Tag-expressing human
prostate epithelial cell line BPH-1 (31). Our results showed that EB 1089 significantly inhibited
the growth of BPH-1 cells and was more effective than 1,25(0OH),D, (Fig. 6). Thus, these results

indicate that the expression of Tag does not explain EB 1089's lack of chemoprevention effect.

EB 1089, But Not 1,25(0OH),D,, Inhibits Androgen-Independent LNCaP-AI/CSS Cells.
Another possibility for the inability of vitamin D compounds to chemoprevent prostate tumors in
this model is that AIPC cells may be resistant to the antiproliferative effects of EB 1089, as they
are to the antiproliferative effects of 1,25(OH),D; (8). To address this possibility, we compared
the antiproliferative effects of 1,25(OH),D; and EB 1089 utilizing LNCaP-AI/CSS, an androgen-

independent derivative of LNCaP-FGC grown long-term in charcoal-stripped FBS (androgen-
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depleted conditions). Our results showed that EB 1089, but not 1,25(OH),D; significantly
inhibits the growth of LNCaP-AI/CSS cells (Fig. 6). Thus, we conclude that the inability of
EB1089 to chemoprevent prostate tumors in these mice is not due to the androgen-insensitivity

of this tumor.

Prostate Basal Epithelial Cells NRP-152 Are Insensitive to EB 1089's Antiproliferative
Effects. Alternatively, it is possible that EB 1089 cannot inhibit the growth of the Tag-
expressing target cells located in the basal epithelial layer (Fig. 1). To address this possibility, we
utilized the normal rat prostate basal epithelial cell line NRP-152, known to express VDR (32).
These cells can differentiate from a basal to a luminal prostate epithelial phenotype in vitro and
in vivo (34, 35). Our results showed that neither 1,25(OH),D, nor EB 1089 (1 and 10 nM)
inhibited the growth of NRP-152 cells; in fact, a small stimulation (6-16%) of cell growth was
observed (Fig. 6). Thus, these results suggest that EB 1089 was not effective in chemopreventing
prostate tumors in these transgenic mice, because, like NRP-152 cells, the target cells of |

carcinogenesis are located in the basal epithelial layer.
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Discussion

In this report, we showed that the Gy/T-15 transgenic mouse model of AIPC expresses Tag to the
basal epithelial layer of cells, distinguishing these mice from transgenic mouse models that
express Tag to secretory luminal epithelial and neuroendocrine cells (36-42). We utilized the
Gy/T-15 mice to test the efficacy of the 1,25(OH),D, analog EB 1089 against AIPC. Our results
showed that EB 1089 did not prevent or delay prostate tumor incidence. However, high doses of
EB 1089 (> 4 pg/kg) significantly inhibited primary prostate tumor growth, although this
inhibition was accompanied by significant hyperalcemia and weight loss. Only the highest dose
of EB 1089 (10 ug/kg) inhibited the number of metastases. We provide evidence suggesting that
EB 1089 is ineffective in preventing or delaying primary prostate tumor onset in these mice
because the target Tag-expressing epithelial cells are insensitive to the EB 1089's
antiproliferative effects. Our data also suggest that low doses of EB 1089 did not inhibit prostate
tumor growth because of the low expression levels of VDR.

Transgenic models of prostate cancer that employ Tag have several notable properties.
Prostate-specific promoters that target Tag to androgen-dependent secretory luminal epithelial
cells result in tumor progression similar to human prostate cancer — i.e., initiation as androgen-
dependent and variable progression to androgen-independent disease (36-40). In contrast,
targeting of Tag to mouse prostatic neuroendocrine cells results in rapid neoplastic
transformation and progression to AIPC, with similarities to prostate small cell carcinoma in
humans, which does not express AR (42). Although advanced prostate tumors in Gy/T-15 mice

express the neuroendocrine marker chromogranin A (24), the target cells are probably not
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neuroendocrine cells because normal Tag-expressing epithelial cells are detected before
neoplasia; i.e., there is a latent period before transformation (Fig.1), and AR is expressed in
advanced tumors (Fig. 2).

Advanced prostate tumors in Gy/T-15 mice are probably not basal cell carcinomas, which
are uncommon in humans (43), because they express cytokeratin 8 (24 and data not shown) and
AR (Fig. 2), common markers of luminal secretory epithelial cells and prostate cancer in humans
(44). A prevailing view is that prostate stem cells are located in the basal epithelial layer and that
they give rise to basal, neuroendocrine, and luminal epithelial cells during the process of cellular
differentiation (45, 46). In addition, increasing evidence shows that more-aggressive metastatic
AIPC express markers found in normal basal and neuroendocrine epithelial cells, suggesting a
role in the origin of prostate cancer (47). More definitive experiments — e.g., co-localization of
Tag with a basal epithelial-specific marker — will be required to confirm that the target cells of
carcinogenesis in the Gy/T-15 mice are basal epithelial cells. Future studies will determine the
molecular changes that occur during the progression from the Tag-expressing target cells to high-
gréde PIN and early prostate tumors in the Gy/T-15 mice.

Our data do not support the hypothesis that expression of Tag blocks EB 1089's
antiproliferative effect and therefore accounts for the lack of chemopreventive effect in Gy/T-15
mice. We demonstrated that EB 1089 significantly inhibited the proliferation of the Tag-
expressing BPH-1 cell line and that EB 1089 was more effective in this regard than 1,25(OH),D,
(Fig. 6). These results suggest that EB 1089 might be useful in the treatment of benign prostatic
hyperplasia (BPH). Additionally, our findings should encourage treatment of TRAMP mice (37,

39) with EB 1089 without the concern that Tag expression will block its antiproliferative effect.
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The TRAMP mice develop prostate cancer from Tag-expressing normal androgen-dependent
luminal epithelial cells and progresses through androgen-dependent and -independent stages of
prostate tumor growth, leading to distant metastases (37, 39). Rather, our data suggest that EB
1089 had minimal effect on prostate tumor incidénce in Gy/T-15 mice because the target cells of
carcinogenesis in this model were insensitive to EB 1089. Data obtained i vitro showed that,
unlike other prostate epithelial cell types, only the rat basal epithelial cell line NRP-152 (32, 34)
was insensitive to EB 1089 (Fig. 6). It is interesting that these cells have been previously shown
to express VDR and respond to 1,25(0OH),D,; thus the lack of response is not due to lack of the
appropriate receptor (32, 48). It is not uncommon for 1,25(0OH),D; and its analogs to have
different potencies in the same cell line (cf. the lack of effect of 1,25(0OH),D, in LNCaP-AI/CSS
cells in which EB 1089 was strongly antiproliferative). NRP-152 cells a%e considered to have
stem cell properties because they can differentiate into luminal epithelial cells in vitro and in vivo
(34, 35). It would be interesting to determine whether EB 1089 is more effective in preventing or
delaying prostate tumors in TRAMP mice, in which secretory luminal epithelial cells are more
likely to be sensitive to EB 1089's antiproliferative effects.

Our results also suggest that the minimal antiproliferative effect of EB 1089 at low doses
in Gy/T-15 mice may be due to low levels of VDR protein expression (Fig. 2). The effects of
1,25(0H),D; on growth and differentiation of prostate cancer cells are generally thought to
requir¢ the presence of active VDR (7). Recent results demonstrate high variability in the
expression of VDR in secretory luminal epithelial cells present in normal human prostates (49).
Given the varying sensitivities to growth inhibition by 1,25(OH),D, in prostate cancer cell lines

and the variable expression of VDR in normal human prostate, such variability is likely to exist
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in human prostate cancers. It is noteworthy that EB1089 was effective in suppressing the growth
of androgen-insensitive prostate cancer cells in which 1,25(OH),D, had little or no effect (e.g.,
LNCaP-Al/CSS and BPH-1, Fig. 6) (50). These findings support the use of EB 1089 in AIPC. A
recent clinical trial indicates that very high doses of 1,25(0OH),D, can be administered orally
without inducing hypercalcemia by giving the drug in pulses (51). This approach may similarly
permit the administration of higher doses of EB1089, which is also administered orally.

The mechanisms of how high doses of EB 1089 inhibits the growth of primary prostate
tumors in the Gy/T-15 mice is currently unknown. However, it is reasonable to expect that these
mechanisms are similar to those by which 1,25(0OH),D, inhibits tumor growth, e.g., induction of
cyclin-dependent kinase inhibitor p21 and G1/GO cell cycle arrest (7). Due to the large size of the
primary prostate tumors, there were extensive areas of necrosis, making it difficult to identify
histological differences. This question may be resolved in the future by treating transgenic rﬁales
with EB 1089 (10 pg/kg) for a short period of time in order to obtain smaller prostate tumors and
histological sections with less areas of necrosis.

A high dose of EB 1089 (10 pg/kg) was required to inhibit the number of metastases in
the Gy/T-15 mice (Table 2). This is in agreement with the anti-metastasis effect of EB 1089 in
the MatLyLu model of prostate cancer (16). The differences in our results and the more striking
effect on metastasis in the MatLyLu model may be attributed to the sites of tumor growth, i.e., in
its natural prostate microenvironment in Gy/T-15 mice compared to subcutaneous in MatLyLu
rats. It may be easier for tumor cells to migrate from the subcutaneous microenvironment rather

than invade through the prostate stroma into the vasculature.
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In summary, we suggest that EB 1089 does not chemoprevent prostate tumors in Gy/T-15
transgenic mice primarjly because the target cells are insensitive to its antiproliferative effect.
Low levels of VDR expression in Gy/T-15 prostate tumors may also contribute to a lack of
growth-inhibitory effect of EB 1089 at low doses. However, high doses of EB 1089 had a
significant anti-prostate tumor effect in Gy/T-15 mice. To our knowledge, this is the first report
of testing the efficacy of a vitamin D analog in a transgenic mouse model of prostate cancer.
These data underscore that chemoprevention and chemotherapy involve different biological
processes. We conclude that the Gy/T-15 transgenic mice provide an effective preclinical animal
model system of AIPC in which to test novel therapies (52). The superiority of EB 1089 over
1,25(0OH),D, in inhibiting the growth Qf AIPC in vitro suggests that this analog may be useful

clinically, particularly if the problem of hypercalcemia can be overcome.
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Table I Prostate tumor frequency and age of onset in EB 1089- and placebo-treated

Gy/T-15 transgenic mice

Treatment Start (weeks)® No.of mice % Prostate tumor®  Avg. age of onset (weeks)°

Placebo 14 12 100 (12/12) 19.4 (3.0)
EB 1089
0.5 - 10 80 (8/10) 18.5 (3.2)
2 9 78 (7/9) 20.4 (2.2)
3 14 86 (12/14) 19.3 (2.4)
4 11 91 (10/11) 18.6 (3.1)
5 13 77 (10/13) 20.2 (3.0)
10 6 83 (5/6) 17.5 (2.0)
Placebo 11 10 90 (9/10) 18.9 (3.1)
EB 1089
0.5 5 100 (5/5) 16.3 (2.3)
2 9 100 (9/9) 20.1 (3.1)
3 11 100 (12/12) 18.6 (3.2)
4 14 93 (13/14) 18.5 (3.3)
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Placebo 9 9 89 (8/9) 18.1(2.7)
EB 1089

2 14 79 (11/14) 18.1 (2.9)

 Age of Gy/T-15 mice when treatment began.

b Percent of mice at 24 weeks that developed prostate tumors.

¢ Age of mice when prostate tumors were first detected by palpation. Number in the parenthesis
is standard deviation. There were no significant differences in % prostate tumor and age of onset

between EB 1089- and placebo-treated mice.
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Table 2 Number of metastases in EB 1089- and placebo-treated Gy/T-15 transgenic mice

Treatment Start (weeks)®

No. of mice®

No. of metastases®

Placebo 14 9 1.89 (0.6)
EB 1089
| 0.5 7 ©2.29(1.1)
‘ 2 5 2.40 (0.5)
3 10 1.60 (0.5)
4 8 1.50 (1.1)
5 6 2.17(0.8)
10 5 0.80 (0.4)°
Placebo 11 7 1.86 (0.4)
EB 1089
0.5 5 2.20(L.1)
2 6 2.00 (0.6)
3 9 1.89 (0.6)
4 12 1.67 (0.9)
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Placebo 9 7 2.29(1.3)
EB 1089

2 10 2.00 (1.2)

* Age of Gy/T-15 mice when treatment began.

® Gy/T-15 mice with prostate tumors treated for 21 days with placebo or EB 1089.

¢ Number of visible metastatic lesions (lymph node, adrenal, and kidney) per mouse. Number in
the parenthesis is standard deviation.

4 Significant difference P<0.005, two-tailed Student’s #-test.
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Figure Legends

Fig. 1. Prostatic target cells of carcinogenesis in Gy/T-15 transgenic mice. (A) Light micrograph
(H&E, x400) of preneoplastic lesion similar to high grade PIN (arrow) containing epithelial cells
protruding into the lumen (L). (B) Light micrograph (nuclear fast red, x200) of Tag
immunohistochefrlistry showing a normal appearing prostate acini containing Tag-expressing
epithelial cells located in the basal epithelial layer (arrows pointing to cells containing black
nucleus) next to an acini not containing Tag-expressing cells. (C) Light micrograph (nuclear fast
red, x200) showing proliferating Tag-expressing cells (arrows) producing an elevation towards
the surface layer into the lumen (L) of prostate gland. ‘(D) Light micrograph (nuclear fast red,
x200) showing prostate duct filled with Tag-expressing dysplastic cells (large arrow) next to a
normal appearing prostate duct containing Tag-expressing epithelial cells in the basal layer

(small arrows).

Fig. 2. Low level expression of VDR in Gy/T-15 prostate tumors. (A) RT-PCR of mouse VDR
mRNA was performed using total RNA from mouse prostate (Pr) and prostate tumors (PT). A
209 bp product was detected in RNA samples containing RT (+), but not without RT (-). (B)
Quantitative RPA detecting mouse VDR mRNA in kidney (Ki), but not in prostate (Pr) or
prostate tumors (PT). GAPDH was used as an internal RNA control. Autoradiograms were
exposed to film for 7 days. The sizes of the protected fragments are 209 bp (VDR) and 135 bp
(GAPDH). (C) Ten pg of nuclear protein from mouse kidney (Ki), prostate (Pr), and prostate

tumor (PT) were analyzed by Western blot using antibodies specific for VDR (48 kd) and AR
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(110 kd). Results showed little or no expression of VDR in prostate tumor, but abundant
expression in kidney. VDR protein was detected in prostate, despite not being detected by RPA
(B). In contrast, there was abundant expression of AR in prostate and prostate tumor and minimal
expression in kidney. A maj or non-specific band reacting with the VDR antibody is represented
by NS. Relatively equal amounts of proteins were loaded based on Coomassie Blue staining of

membranes after ECL detection.

Fig. 3. High doses of EB 1089 inhibits primary prostate tumor growth in Gy/T-15 transgenic
mice. Transgenic males 14 weeks of age weré treated with EB 1089 or placebo. Treatment period
for the 14-week group is represented by the bar at the top. The open portion of the bar (14 to 16
weeks) represents the period between the start of treatment and examination of mice for tumor
formation by palpation. The hatched portion of the bar (16 to 24 weeks) represents the period of
tumor onsets (16 weeks) and the end point of the study (24 weeks). Average weights of primary
(A) and metastatic (B) prostate tumqrs excised from Gy/T-15 males treated with increasing doses
of EB 1089 (0.5, 2, 3, 4, 5, and 10 pg/kg) (solid bars) compared to the weights of prostate tumors
excised from placebo-treated mice (open bars). Prostate tumors were allowed to grow for 21 days
after first detecting by palpation (see Materials and Methods). Significant difference in the
primary (A) but not metastatic (B) prostate tumor weight was achieved using the 4, 5, and 10
ng/kg dose of EB 1089 (*, P<0.05; **, P<0.005, two-tailed Student’s z-test). Increase in serum
calcium levels (mg/dl) (C) and decrease in total body weight (grams) (D) in Gy/T-15 mice treated

with increasing doses of EB 1089 (0.5, 2, 3, 4, 5, and 10 ng/kg) compared to placebo-treated
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mice. Results are expressed as means + standard deviation (error bars). (*, P<0.05; **, P<0.005,

two-tailed Student’s #-test).

Fig. 4. Treatment of Gy/T-15 mice with EB 1089 compared to placebo control: 11-week group.
Methods are similar to the 14-week group (see Fig. 3 legend) except that treatment started at an
earlier time point (11 weeks). No significant difference in the primary (A) and metastatic (B)
prostate tumor weight was achieved using EB 1089 doses of 0.5, 2, 3, and 4 ng/kg (solid bars)
compared to placebo controls (open bars). Increase in serum calcium levels (mg/dl) (C) and
decrease in total body weight (grams) (D) in Gy/T-15 mice treated with increasing doses of EB
1089 (0.5, 2, 3, and 4 pg/kg) compared to placebo-treated mice. Results are expressed as means +

standard deviation (error bars). (¥ P<0.05; **, P<0.005, two-tailed Student’s #-test).

Fig. 5. Treatment of Gy/T-15 mice with EB 1089 compared to placebo control: 9-week group.
Methods are similar to the 14-week group (see Fig. 3 legend) except that treatment started at an
earlier time point (9 weeks). No significant difference in the primary (A), metastatic (B) prostate
tumor weight, serum calcium levels (C), and total body weight (two-tailed Student’s z-test) was
achieved using EB 1089 dose 2 pg/kg (solid bars) compared to placebo controls (open bars).

Results are expressed as means + standard deviation (error bars).

Fig. 6. EB 1089 inhibits growth of androgen-independent LNCaP and Tag-expressing BPH-1,
but not basal epithelial prostate NRP-152 cells. LNCaP-AI/CSS, BPH-1, and NRP-152 cells

were treated for 6 days with 1 and 10 nM 1,25(0H),D; (D) or EB 1089 (EB) and cell numbers
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expressed as % of vehicle control (see Materials and Methods). EB 1089 was a better inhibitor of
LNCaP-AI/CSS and BPH-1 cells compared to 1,25(0H),D5. In contrast, EB 1089 and
1,25(0H),D, treatment resulted in a small increase in NRP-152 cell numbers. Error bars are
standard deviation. Statistical differences between 1,25(0OH),D;- and EB 1089-treated and
control cells were determined by two-tailed Student’s #-test (*, P<0.05; **, P<0.005). Cell
numbers from each experiment were derived from the average value of quadruplicate wells

repeated three independent times.
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ORAL SESSIONS

Session OR53:Basic Oral Session
Hormones & Cancer li

'OR58-1

1.25 PIHYDROXYVITAMIN D TRANSFORMATION OF PROSTATE
c.,\RCINOMA FROM EPITHELIAL TO STROMAL MORPHOLOGY IS
VEDIATED BY AN AUTOCRINE MECHANISM INVOLVING HEPATS)-
CYTE GROWTH FACTOR (HGF) AND ITS RECEPTOR c-MET. LR Qadan ,
R Schwall’, GA Howard', BA Roos'. 'GRECC, VAMC, and University of Miami
School of Medicine, Miami, FL 33125; *Genentech, Inc., South San Francisco, CA
4080 While in normal prostate HGF from swromal cells regulates basal epithelial
cells via a paracrine mechanism, an autosimulatory loop can emerge in aggressive
puman prosmte cancer and derived cell lines, such as PC-3. Since we recently
uncovered evidence for an HGF/c-Met autocrine role in the regulation of gl:ow!h-
cartilage stem cells by 1,25 dihydroxyvitamin D (1,25diOHD) and sincg 1,25diOHD
exerts important effects on the proliferation, differentation, and apoptosis of prostate
cancer cells including PC-3 cells, we have now asked whether 1,25diOHD acton in
pC-3 cells involves this HGF/c-Met activation. Accordingly, PC-3 cell culmures
during 4-5-d treatment with 1,25di0HD (1-100 nM) were examined for cc!l-sffape
and colony morphology changes frequently associated with HGF/c-Met activation;
in the presence of serum, 1,25diOHD transforms the cells from cuboidal to an
clongated shape and individual colonies become scattered/disorganized. ELISA for
HGF production by the PC-3 cells revealed low levels of growth factor, which
increased with 1-100 nM 1,25diOHD; after 5d 1,25diOHD increased HGF as much
a5 10-fold, with the half-maximal increase occurring at 2 nM. These results support
the hypothesis that 1,25diOHD induces morphologic transformation via increases in
HGF. This idea was strengthened when we observed that recombinant HGF (3-20
ng/ml) added to sparse PC-3 culres caused the same cell and colony morphology
changes as 1,25diOHD, although HGF’s effect occurred sooner. Finally, 10
demonstrate that c-Met activation mediates the 1,25diOHD transformation, we
showed that the PC-3 morphology changes were-inhibited by the addition of
increasing concentrations of Fab fragments prepared from bivalent anti-c-Met
immunoglobulin. These results prove that the stem-cell-like PC-3 prostate cancer
cells express an HGF/c-Met autocrine axis whose regulation mediates the
morphological transformation by 1,25diOHD.

OR53-2
AN ACTH-PRODUCING SMALL CELL LUNG CANCER EXPRESSES AN
ABERRANT GLUCOCORTICOID RECEPTOR (GR) TRANSCRIPTAROM
A NORMAL GR GENE LL Parks®?, MK Tumey?, WJ Kovacs'?, Research
Service, Department of Veterans Affairs Medical Center, Nashville /ennessee
37212 and Division of Endocrinology?, Vanderbilt Universt School of
Medicine, Nashville, Tennessee 37232.

Adrenocorticotropin (ACTH) secretion from non-pituitafy tumors such as
small cell lung carcinomas is generally not suppre ibile by exogenous
glucocorticoids. We postulated that defects in the giu rticoid receptor (GR)
signaling system might be responsible for this/apparent glucocorticoid
resistance. In a cell line (DMS-79) derived f one such ectopic ACTH-
producing tumor we have found evidence faf expression of a truncated,
nonfunctional form of GR in which the sequgfices encoded by exons 8 and 9
are replaced by sequence unmatched in te DNA databases. We sought to
identify the origin of the novel GR mRNA(sequence and to determine whether
the truncated DMS-79 GR resulits a structural alteration of the GR gene
(e.g., deletion of exons 8 and 8). When DMS-79 cell DNA was examined by
Southem blot analysis no majpf structural aiteration of the GR gene was
discemible. Southem blotting of cosmid clones of the normal GR gene (the gift
of Dr. S. Detera-Wadleigh, ) revealed that the novel sequence in DMS-78
celt GR mRNA is derived from intron G, between exons 7 and 8. No splice
donor or acceptor siteshutations were found in PCR-amplified DMS-78 DNA
from the intron G-exgh 8, exon 8-intron H, and intron H-exon Sa boundaries.
Further sequencing indicated that the aberrant GR transcript appears to use
a consensus pojfadenylation site found 3650 base pairs into the normal intron
G. The protejpf encoded by this mMRNA would Jack the steroid-binding domain.
We conclug that abnormal GR pre-mRNA processing rather than a GR gene
mutation May confer the phenotype of glucocorticoid resistance on these tumor

OR53-3

NOVEL TUMOR-SPECIFIC EXPRESSION OF ESTROGEN RECEPTOR
mRNA SPLICED VARIANTS IN HUMAN PITUITARY ADENOMAZ'S S
Chaidarun* and JM Alcxander. Neuroendocrine Unit. Depariment of
Massachusetts General Hospital and Harvard Medical School, Boston, MA 0,

The well-documented mitogenic and hormone regulatory effects of gstrogen on
pituitary celis arc mediated via ils nuclear receptor (ER). a cellular homdlog of v-erbA
oncogene cncoded by cight cxons. ER isoforms generated by alicrnatiy€ exon splicing,
designated A2ER 10 A7ER. have been recently identified in breast cypfcer and have been
postulated to have importnt pathogenetic and clinical implicationin its tumorigenesis
and/or development of hormone resistance. A2ER encodes a Keverely truncated ER
protein and retains only the A/B domain of the hormone-ifdependent transcription
activation (TAF-1) region. A3ER and A4ER are joined inArame and lack the sccond
zinc finger DNA binding and the hinge region, respecii#ely. ASER, a constitutively
active ER isoform. causces a frame shift and lacks mg#t of the ligand binding rcgion
while the in-frame A7ER lacks only the carboxy-termpfnal portion of the ligand binding
domain. Because pituitary tumors, particularly prolaCtinomas, are known to be estrogen
dependent, we investigated ER alternate splice yAfiant mRNA expression in 40 human
pituitary tumors using RT-PCR analysis. ER spfice variants were quantitated relative to
normal ER cxpression in each tumor sampjé. 8/11 prolactinomas cxpressed multiple
splice variants lacking a single exon (A2ER, A4ER, ASER and ATER) at levels ranging
from 24-90% reiative 1o normal ER mRIA. 6/11 prolactinomas also expressed A3ER.
however mRNA expression only rgfged from 5-10% relative 10 normal ER. 3/7
gonadotroph tumors expressed A2R, ASER and ATER. at levels ranging from 20-
167% relative 1o normal ER. AGER was not detected in any tumor studied. Variant and
normal ER were not found in ajf'three clinically nonfunctioning tumors which showed
negative immunoreactivity $r all pituitary hormones or their subunits (nul] ccll
umors), or in 10 ACTH-sptreting wmors from patients with Cushing's disease. Of 9
GH-secreting tumors cxgmined, low levels' of both normal and ER variants (A4ER.
ASER and A7ER) wegfe restricted to tumors that also exhibited scatiered PRL
immunoreactivity. conclude that alternatively spliced ER variants except AGER are
prevalent in prolgdtinomas and gonadotroph tumors. Coexpression of multiple ER
varianis atong with normal ER in human pituitary tumors suggests interactions between
normal ER ang/its variants in estrogen-sensitive pituitary neoplastic cel} types. Future
functional grlidies will be required to determine whether these interactions play a
pathogengdic role in pituitary hormone regulation or cell proliferation in human
pituitary tumors.

OR53-4

BINDING CHARACTERISTICS OF NOVEL NONSTEROJDAL
ANTIESTROGENS TO THE RAT UTERINE ESTROGEN
RECEPTOR. C. Martel*, L. Provencher, X. Li, A. St-Pierre, ¥/
S. Gauthier, Y. Mérand and F. Labrie. Laboratory o Molecular
Endocrinology, CHUL Research Center, Québec, G1V 4G2, ada.
Tamoxifen (TAM), the only antiestrogen currently available for the endocrine
therapy of breast cancer behaves as a mixed agonist/an onist of estrogen
action, thus limiting its therapeutic potential. Wg/report the binding
characteristics of a novel series of nonsteroidal antiesyrogens to the rat uterine
estrogen receptor. As measured by competition stuies, the affinity of EM-
652, the active metabolite of the prodrug EM-800¢%or the estrogen receptor is
7 to 11 times higher than that of 17p-estradiol (&3), ICI 182780, and hydroxy-
Tamoxifen (OH-TAM), the active metaboliy of Tamoxifen. EM-652 is 20
times more potent than ICI 164384 and Drglfxifene while it is 400 times more
potent than Toremifene in displacing JE2 from the rat uterine estrogen
receptor. On the other hand, the prg@rugs EM-800 and Tamoxifen have
respectively 150-fold and 410-fold lp€s affinity for the estrogen receptor than
the pure antiestrogen EM-652. Np/significant binding of EM-652, EM-800,
TAM or OH-TAM was observed to the rat uterine progesterone receptor at
concentrations up to 10 009" nM except -for TAM that caused a 50%
displacement of labeled RS020 at 4000 nM. No significant binding of EM-632
or EM-800 was observed #h the rat ventral prostate androgen receptor or the
rat uterine progesterongreceptor. The present data demonstrate the high
affinity and specificity of the new antiestrogen, EM-652, for the rat uterine
estrogen receptor. Ahe antiestrogen EM-652 thus becomes the compound
having the highesyknown affinity for the estrogen receptor. Due to its unique
potency and ity/pure antiestrogenic activity already demonstrated in many
systems, this/antiestrogen could well offer an important advance for the
endocrine thérapy of breast cancer, uterine cancer, and other estrogen-sensitive
diseases }f women.
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Oriiz', F Vilchis', and J Pedraza-Chaverri®.'Dept of Reproductive Biology.
Nacional de la Nutricion Salvador Zubirdn; Dept of Biology, Facuitad de
aiional University of Mexico, Mexico City, MEXICO.

phrotic Syndrome (NS) of rat and human is characterized by
metabolism of plasma proteins, Likewise, there is evidence that
asp develop a marked endocrine dysfunction. In previous reports
we have described th\pormonal changes that occur during the acute phase of the
illness. Here, we examidx_the reproductive fuaction of male rats with chronic NS.
Reproductive function wad\ evaluated by assessing hormonal levels, weight of
accessory sex organs and feriyy. Circulating LH, FSH. Prl, P,, T and E, levels,
were measured by specific RIAg, while ferility was estimated by the rate of
pregnancy induction. Biochemical misgsurements were achieved by standard methods.
Experimental chronic nephrosis was induced by the administration of 7.5, 5, and 5§
mg/100g b.w. of puromycin aminonudgoside (PAN) on days 0. 2! and 35
respectively. Samples were collected on day 7. 14, 28, 56, 84 and 112 (n=7 cach
date). The results show that all nephrotic rats exgiibited persistent proteinuria. Serum
gonadotropin levels decreased significantly only du ing the first month, Pri remained
unchanged, P, decreased on days 28 and 56, whereas T and E, decreased during all
dates evaluated (mean of all dates, T was N=0.81:+0.16 dg/mt vs C=3.76+0.46 ng/ml,
P <0.005; E, was N=3.15+0.51 pg/ml vs C=13.59+2.44 pg¥l. P <0.005). The weight
of the prostate and seminal vesicle decreased only durink, the first two weeks,
becoming normal thereafter. Interestingly, the capacity of fertiijzation of nephrotic
males was entirely abolished on day 7 (0%), whereas on day 14,N§% were able 10

mate successfully and later on, most of them recovered their normq reproductive
function. The results from this smudy demonsirate that rats with induged chronic
nephrosis, develop chronic hypogonadism which impairs transiently the réhgoductive
capacity.

Supported by PAPIT (N°IN201596) Nationa! University of Mexico, Mexico City, M

GEN-INDBPENDENT PROSTATE CANCER. LJ Biok’, GTG Chang, M Steenbeek..
WM van Wekrden#, GJ van Steenbrugge# and AO Brinkmann. Depts. of Endocrinolo-
gy & Reprodulgion and Urology#, Erasmus University, P.0.Box 1738, 3000DR Rotter-
dam, The Nethégands.

The transilion from androgen-dependent to androgen-independent prostate
cancer growth markyg the progression of the disease 1o a non-treatable form. From the
LNCaP cell line, devdloped from a metastatic lesion of a human prostatic carcinoma
by Horoszewicz in 1980, two closely related sublines are available: LNCaP-FGC,
which is androgen-depetdent for its growth, and LNCaP-LNO, which is androgen-
independent. These cell lings provided us with an ideal model to study gene expres-
sion refated to autonomous 2gll growth under carefully controlled conditions. Both celt
lines were cultured for 6 days in RPM! 1640 supplemented with 7.5% charcoal
stripped fetal calf serum, in the piesence or absence of androgens (0.1nM and 10nM
R188B1). Using differential display RCR on mRNA from LNCaP-FGC and LNCaP-LNO
cells we identified 3 cDNA transcript, The first novel gene, clone 19, was isolated as
a highly expressed clone in LNCaP-rQ&%, and coutd hardly be detected LNCaP-LNO
celis. Furthermore, expression was may found in androgen-dependent and not in
androgen-independent human prostatic inoma xenografts. The sequence which
has been analyzed so far encodes for an dRen reading frame of approximately 430
amino acids, which contains a putative EF and-type Ca®-binding domain (these
domains are often found as multiple copies in a Yriety of ditferent genes). The second
novel gene, clone 78, is expressed at a higher le\el in LNCaP-FGC as compared to
LNCaP-LNO. Furthermore, the expression of this cigne is down-reguiated by andro-
gens in both cell fines. The expression level of clone\79 was found to be extremely
high in 4 out of 5 breast cancer cell lines: this in contrast to normal breast tissue in
which no expression was found. Partial sequence analysis revealed that this gene
contains a putative DNA binding domain (zinc cluster regio which shares ‘homology
to similar domains in the GATA transcription factor family.\Clone 8 represents a
known gene: the B1-subunit of Na*/K*-ATPase. Clone 8 was isdiated because andro-
gen-induced down-regulation was very pronounced in LNCaP-FG cells. Furthermore,
down-regulation of B1-subunit mANA expression by androgens was ound to result in
a functional down-regulation of Na"/K*-ATPase activity in the LNCaP- C cell line.

ITUTIVE ACTIVATION OF STIMULATING GTP-BINDING PROTEIN
(Gs) REASES TUMORIGENICITY AND METASTATIC POTENTIAL OF
PC-3M PROSTATE CANCER CELLS. Girish Shah’?, E. Wang®, J. Chien®, C.
Pantazis® and M. J. Noble'. Departments of Surgery’, Physiology” and
Pathology’, University of Kansas Medical Center Kansas City, KS 66160

An abnormal simulation of cAMP signaling cascade has been implicated in
various human inomas. Since the agents activating adenylate cyciase signaling
pathways have been'shown to increase in vitro proliferation and invasiveness of
prostate cancer cells, present studies examined the role of cAMP cascade in
tumorigenicity and invasiyeness of PC-3M cells. PC-3M prostate cancer cells were
stably transfected with eithdy carrier plasmid, plasmid containing Gs-wt cDNA and
containing constitutively actixe form of Gs (Gs-a). The cells expressing Gs-wt and
Gs-a displayed higher content 3{Gs protein and displayed 14-fold and 85-fold
greater concentrations of baseline P levels as compared to vehicle controls.
The cells expressing (carrier plasmid [v], Gs-wt and Gs-a) were then tested for 1)
cell migration and penetration of baselqent matrix in an in vitroinvasion assay; and
2) their ability to form tumors and me is in nude mice.

PC-3M celis expressing Gs-a displayed Spproximately 15-fold increase in their
ability to migrate and penetrate basement mégbrane as compared to those
expressing either carrier plasmid or Gs-wt. PG3M cells expressing Gs-a also
dispiayed significantly greater tumorigenicity ans metastasis forming ability when
orthotopically implanted in nude mice. All mice iving PC-3M cells produced
primary tumors within five weeks after implantation\ However, none of them
displayed metastasis. The celis expressing Gs-a display¢d a significantly faster -
tumor growth as assessed by prostate weight (greater thag 20-fo'” -~
PC-3M cells). Further, four of the six displi -ved -
nodes, blood vessels, mesentery and intestir
in PC-3M cells reduced their ability to form
suggest that constitutive activation of cAMP:
accelerate tumorigenicity of prostate cancer ¢
concentrations of cAMP agonists such as pro
peptide and calcitonin in the prostate, cAMP
androgen-independent progression of prostat

P3-396

HEPATOCYTE GROWTH FACTOR SENSITIZES PROSTATE CANCER
CELLS TO ANTIPROLIFERATIVE ACTION OF VITAMIN D. LR Qadan!, R
Schwall, GA Howard!, and BA Roos'. 'GRECC, VAMC, and Univ. of Miami Sch.
of Med., Miami, FL 33125; 2Genentech, Inc., South San Francisco, CA 94080.

Hepatocyte growth factor (HGF) and its receptor c-met are among the many
growth factors and receptors produced in normal and neoplastic prostate cells. We
previously reported HGF and c-met expression in PC-3, an androgen-independent
prostate cancer cell line. We showed that HGF mediates, at least partially, the
morphogenic changes induced by vitamin D in that cell fine. Preliminary studies
suggested that vitamin D aiso had some antiproliferative activity in prostate cancer
cells. Inhibition of proliferation by vitamin D in androgen-independent cell lines (PC-3
and ALVA-31) was minimal compared to the dramatic inhibition seen in an androgen-
dependent prostate cancer cell line (LNCaP). Moreover, the LNCaP cells contained
an endogenously high baseline level of HGF compared to the androgen-independent
cell lines, leading us to speculate that HGF elaboration might contribute to the vitamin
D sensitivity of the cancer cells. To test this possibility we compared the effects of
HGF and vitamin D on cell proliferation in these 3 cell lines, which have similar
levels of vitamin D receptor but differ in basal sensitivity to vitamin D. Accordingly,
cell cultures were treated for 6 days with 1,25 dihydroxyvitamin D (10 nM) and HGF
(10 ng/ml) alone and in combination; at the end of the incubation cell counts were
made. In LNCaP cells the combination therapy had no additional inhibitory response
beyond the large effect of vitamin D aione (D alone, 30% of control; HGF + D, 22%).
However, the combination therapy enhanced vitamin D antiproliferative activity in
both PC-3 and ALVA-31 ceils — in the latter. to an extent even beyond the maximal
inhibition in LNCaP celis (PC-3: D alone, 81% of control; HGF + D, 68%; ALVA-31:
D alone, 45%; HGF + D, 16%). These results open the way to a novel adjuvant
approach to vitamin D therapy of androgen-independent prostate cancer — namely,
the activation of c-met oncogene via long-lived ligands or activating divalent
antibodies to c-met before or during treatment with vitamin D.
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Modehng Human Prostate Cancer in Mice
October 18-21, 2001

All Events are at the Main Laboratory Building, 600 Main Street, Bar Harbor, Maine
unless otherwise noted.

Thursday October 18, 2001

4:30 - 7:00 p.m. Shuttle Vans from downtown Bar Harbor to the Lab.
4:00 - 7:00 p.m. Registration and Reception
7:00 -9:00p:m. - ‘Opening Session One: -

7:00 p.m. Opening remarks from the Organizers
Cory Abate-Shen, Ph.D., UMDNIJ-Robert Wood Medical School
Norman Greenberg, Ph.D., Baylor College of Medicine
Robert Matusik, Ph.D., Vanderbilt University Medical Center

7:15 p.m. John T. Isaacs, Ph.D., Johns Hopkins Medical Institutions
"What have Mouse Models Taught Us About the Androgen Axis in Normal
Versus Malignant Prostatic Tissue?"

8:00 p.m. Michael Shen, Ph.D., UMDNJ-Robert Wood Johnson Medical School
"Molecular Genetics of Mouse Prostate Development”

8:30 p.m. Jerry Cunha, Ph.D., University of California, San Francisco
"4 new tissue recombinant model of hormonal carcinogenesis of mouse
prostate”

9:00 - 9:30 p.m. Shuttle Vans to downtown Bar Harbor

Modeling Human Prostate Cancer in Mice Daily Schedule 1
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Modeling Human Prostate Cancer in Mice
Perez-Stable, Carlos M.

THE GU/T-15 TRANSGENIC MOUSE MODEL OF ANDROGEN-INDEPENDENT
PROSTATE CANCER: TARGET CELLS OF CARCINOGENESIS AND THE EFFECT OF
THE VITAMIN D ANALOG EB 1089

Perez-Stable C !, Schwartz G 2 Farinas A ', Finegold M 3 Binderup L 4 Howard G ', Roos B*

! GRECC/Miami VA Medical Center, SCCC, and University of Miami School of Medicine, Miami,
FL; ? Wake Forest University School of Medicine, Winston-Salem, NC; * Texas Children’s Hospital,
Houston, TX; * 1 eo Pharmaceuticals, Ballerup, Denmark

Transgenic mouse models of prostate cancer provides unique opportunities to understand the
molecular events in prostate carcinogenesis and for the preclinical testing of new therapies. We
studied the GUT-15 transgenic mouse line, which contains the human fetal globin promoter linked
to SV40 T antigen (Tag), and which develops androgen-independent prostate cancer (AIPC).
Immunohistochemistry of normal prostates before tumor formation showed that the target cells of
carcinogenesis in GUT-15 are located in the basal epithelial layer. However, prostate tumors in G_/T-
15 mice are not basal cell carcinomas, which is rare in humans, because they express cytokeratin 8
and androgen receptor, common markers of luminal secretory epithelial cells and prostate cancer in
humans. A current view is that prostate basal epithelial cells give rise to luminal epithelial cells. In
addition, there is increasing evidence that metastatic AIPC express markers found in normal basal
epithelial cells. These results suggest a role for basal epithelial cells in the origin of prostate cancer.

The therapeutic use of vitamin D (1,25D) and its synthetic analogs is supported by studies
which suggest that 1,25D maintains the differentiated phenotype of prostate cells and that reduced
serum levels of 1,25D permits the progression of preclinical prostate cancer to clinical disease We
tested the efficacy of the 1,25D analog, EB 1089, to chemoprevent prostate cancer in the G_/T-15
mice. Compared to placebo-treated mice, mice treated with EB 1089 at three different time points
before the onset of prostate tumors did not prevent or delay the onset of tumors. However, the
highest dose of EB1089 inhibited prostate tumor growth by 40% (P=0.001), although this dose also
caused significant hypercalcemia and weight loss.

‘We conducted several in vitro experiments to explore why EB 1089 did not prevent tumor
occurrence. EB1089 significantly inhibited the growth of a Tag-expressing human prostate epithelial
cell line, BPH-1, and an androgen-insensitive subline of LNCaP cells (which was not inhibited by
1,25D). Thus, neither Tag expression nor androgen-insensitivity explain the lack of chemopreventive
action. Conversely, neither 1,25D nor EB 1089 inhibited the growth of the normal rat prostate basal
epithelial cell line, NRP-152. This suggests that EB 1089 was not effective in delaying tumor onset
in our transgenic mice because the target cells of carcinogenesis in GUT-15 transgenic mice are
located in the basal epithelial layer. We conclude that GUT-15 transgenic mice are a useful model
for testing vitamin D-based therapies in androgen-insensitive prostate cancer but are not suitable for
studies of vitamin D-based chemoprevention. The superiority of EB 1089 over 1,25D in the growth
suppression of androgen-insensitive prostate cancer cells supports the use of EB 1089 in androgen-
insensitive prostate cancer.
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